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PREFACE 


This  Specialists  Meeting  provided  an  opportunity  for  a  useful  exchange  of  views  and  a  comparison  of  differing 
approaches  to  operational  loads  data  acquisition.  Such  data  acquisition  was  seen  as  a  vital  activity,  needed  to  verify  or  update 
data  available  at  the  design  and  development  flight  test  stage  which,  unsubstantiated  by  service  experience,  might  lead  to 
major  inaccuracies  in  fatigue  or  static  strength  calculations. 

There  was  general  agreement  that  microprocessor-based  systems  provided  the  necessary  technology  for  major 
advances  in  loads  data  acquisition  techniques.  Several  such  systems  are  under  active  development,  others  in  routine  use.  In 
general,  those  in  service  appeared  to  assume  the  retention  of  correlations  between  flight  parameters  and  loads  data  acquired 
in  flight  testing,  whereas  some  newer  systems  placed  greater  reliance  upon  direct  load  or  stress  (strain)  measurements.  In 
either  case,  there  was  general  observance  of  the  ‘2-tier’  concept,  whereby  a  small  proportion  of  an  aircraft  fleet  is 
instrumented  for  extensive  loads  data  acquisition,  the  remaining  aircraft  being  monitored  by  simpler  methods. 

The  main  emphasis  of  the  papers  delivered  tended  to  fall  on  data  acquisition  for  fatigue  strength  assessment  and  fatigue 
testing,  although  it  was  intended  that  synthesis  of  data  for  use  in  design  load  calculations  should  also  be  adequately  covered. 
Some  papers  described  the  collection  of  loads  data  from  standardised  test  manoeuvres  to  define  maximum  design  or  fatigue 
loads  accurately,  although  several  participants  felt  that  service  pilots’  handling  was  too  variable  for  this  approach  to  be 
entirely  reliable.  Discussion  also  queried  the  applicability  of  data  from  conventionally-configured  aircraft  of  the  present 
generation  to  some  new  designs,  e.g.  highly  agile,  unconventional  lay-outs,  largely  constructed  of  composite  materials  and 
heavily  dependent  upon  active  control  technology.  The  indications  were  that  operational  loads  data  acquisition  would 
become  even  more  vital  in  the  future  than  for  current  military  aircraft. 

‘Design  Load  Requirements’  and  ‘Combat-NATO-Manoeuvre  Flight  Tests’  are  possible  subjects  for  follow-on  activity 
within  the  Panel. 


D.M.F.BRIGHT 
Chairman,  Sub-Committee  on 
Operational  Loads  Data 
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INTRODUCTORY  REHARKS 


Wing  Commander  D  M  F  Bright  RAF 
Ministry  of  Defence  (Air) 
Whitehall,  London,  UK 


The  acquisition  and  use  of  operational  loads  data  is  a  topic  which  has  been 
periodically  addressed  by  the  Panel.  Since  it  has  not  been  reviewed  within  the  last 
S  years,  I  was  one  of  those  who  suggested  a  need  for  renewed  discussion  and  this 
Specialists  Meeting,  taking  into  account  recent  relevant  experience  within  the  NATO 
member  nations.  The  subject  appears  a  popular  one,  judging  by  the  attendance  at  the 
Meeting.  We  will  have  the  opportunity  to  lister,  to  many  interesting  papers,  and  contrast 
and  compare  their  various  viewpoints  and  approaches. 

I  propose  to  open  the  proceedings  by  expressing  a  personal  viewpoint,  reflecting 
experience  within  one  user  service,  namely  the  Royal  Air  Force.  Our  current  fleet  is  a 
wide  mixture  of  aircraft  types  which  fall  broadly  into  2  categories:  a  number  of  older 
types,  which  have  been  retained  in  service  for  periods  much  longer  than  was  originally 
anticipated;  and  a  group  of  newer  designs  which  I  can  characterise  as  high-performance 
'fast  Jets'.  Both  groups  have  suffered  from  a  number  of  significant  structural  defects, 
which  have  at  times  affected  operations,  due  to  inspections,  long  rectification  down¬ 
times  and  some  constraints  imposed  on  flying;  many  structures  have  also  been  costly  to 
repair.  We  are,  of  course,  not  unique  in  this  respect;  most  other  military  operators 
have  had  similar  experiences. 

Almost  without  exception,  these  structural  defects  have  not  been  caused  by 
accidental  damage  nor,  directly  at  least,  by  operational  factors,  including  overload; 
nor  are  they  attributable  to  initial  defects  on  build,  ie. poor  quality  control.  On  the 
contrary,  they  almost  Invariably  stem  from  fatigue  damage  in  metallic  structure, 
generated  by  the  effects  of  repetitive  operational  loading.  Either  the  true  stress 
levels  were  later  found  to  be  higher  than  anticipated,  the  frequency  of  damaging  load 
cycles  was  greater  than  expected,  or  the  fatigue  resistance  of  the  local  structure  had 
been  over-estimated.  At  a  detail  level,  these  untoward  events  are  sometimes  due  to 
stress  concentrations  being  sharper  than  design  stage  analysis  would  suggest  or  a 
complex  redundant  structure  reacting  to  loads  in  a  manner  which  the  designer  did  not 
foresee  and  allow  for.  However,  if  flight  and  ground  loads  are  accurately  known,  there 
seems  no  fundamental  reason,  given  the  power  of  modern  stress  analysis  techniques  and 
sound  design  practice,  why  such  situations  should  be  repeated  in  the  future.  On  the 
other  hand,  in  many  instances  loads  spectra  can  be  substantially  more  severe  than  were 
ever  expected,  in  which  case  the  validity  of  the  whole  fatigue  or  strength  analysis  is 
inevitably  undermined  at  the  very  outset. 

As  users,  we  therefore  have  a  major  interest  in  ensuring  that  accurate  operational 
loads  data  is  fed  back  to  the  designer.  The  service  lives  of  military  aircraft  are 
frequently  prolonged,  many  aircraft  are  pressed  into  new  roles,  new  equipment  is  often 
fitted,  and  all-up  weights  and  installed  power  levels  generally  increase  markedly  over 
the  years.  Operational  demands  also  tend  to  become  more  severe,  even  if  roles  do  not 
change  -  examples  are  the  increased  intensity  of  flying  at  low  altitude, the  introduction 
of  new  combat  manoeuvres  and  reliance  upon  air-to-air  refuelling  to  extend  range  or 
loiter  time.  We  may  not  always  fully  appreciate  the  structural  effects  of  some  routine 
manoeuvres  or  variations  in  handling,  the  significance  of  severe  discrete  gusts  at  low 
level,  or  the  fatigue  implications  of  flight  control  system  design  characteristics. 

For  all  these  reasons,  we  need  better  data  on  the  loads  Imposed  by  normal  service,  to 
maintain  and  assure  long-term  structural  airworthiness. 

Looking  to  the  future,  active  control  technology  is  clearly  going  to  have  a  major 
Impact  on  military  aircraft  design.  User  pressure  for  greater  structural  efficiency  is 
going  to  increase,  via  demands  for  maximum  performance.  We  see  the  rapid  introduction 
of  advanced  composite  structures,  which  will  almost  certainly  alter  the  current  balance 
between  fatigue  and  static  strength  requirements.  Finally,  next-generation  aircraft  will 
be  designed  to  operate  within  wider  flight  envelopes,  with  Increased  use  of  unconventional 
manoeuvre  capability  and  configuration  control.  The  need  for  high-quality  operational 
loads  data  will  therefore  increase,  not  decrease,  in  the  coming  years. 

This  meeting  provides  us  with  an  opportunity  to  discuss  the  acquisition  and 
exploitation  of  operational  loads  data,  the  choice  of  system  philosophy,  practical 
constraints  on  system  design,  and  -  last,  but  not  least  -  the  requirements  for  minimum 
cost,  complexity  and  impact  on  the  user,  who  has  to  fly  the  system  and  provide  the  data. 

I  am  confident  that  we  will  all  learn  a  great  deal  from  the  proceedings.  Discussion 
periods  have  been  Inserted  into  each  session  to  allow  full  discussion  of  the  papers  given 
and  an  exchange  of  views  on  the  topics  raised. 
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OPERATIONAL  LOADS  MEASUREMENT;  A  PHILOSOPHY  AND  ITS  IMPLEMENTATION 

by 

Dorothy  M.  Holford  and  J.R.  Sturgeon 
Materials  and  Structures  Department 
Royal  Aircraft  Establishment 
Farnborough 
Hampshire 
GL14  6TD 
United  Kingdom 


SUMMARY 


A  philosophy  of  operational  data  acquisition*  for  structural  objectives,  within 
the  general  field  pf  in-flight  load  measurement  is  reviewed,  highlighting  the  con¬ 
straints  such  activities  place  on  the  data  acquisition  system.  This  Report  describes 
one  such  system  which  can  be  tailored  to  perform  a  variety  of  tasks  ranging  from  the 
collection  of  time  histories  of  flight  parameters  or  strtin  gauges  to  complex  fatigue 
load  analyses  throughout  the  airframe.  The  system  comprises  a  digital  cassette  recorder 
and  a  data  acquisition  unit  within  which  a  microprocessor  is  used  for  control  of  data 
acquisition  and  in-flight  data  analysis.  System  requirements  in  terms  of  accuracy, 
bandwidth  and  sampling  rates  are  discussed  for  a  range  of  aircraft  types  and  operating 
conditions. 

The  various  modes  of  operation  of  the  system  are  illustrated  by  examples  drawn 
from  operational  experience  with  the  system.  These  demonstrate  the  capability  of  the 
system  to  produce  data  suitable  for  automatic  analysis  in  a  variety  of  operational 
environments  in  both  fixed  and  rotary  wing  aircraft.  The  examples  clearly  show  the 
value  of  studying  operational  data  in  terms  of  fatigue  life  management,  fatigue  life 
monitoring,  operational  practices  and  design  procedures. 

1  INTRODUCTION 


Structural  repair  and  maintenance  costs  can  be  several  times  the  original  cost  of 
aircraft  production.  There  is  therefore,  potentially,  a  rich  reward  for  effective 
structural  management  within  a  fleet.  The  UK  has  directed  its  operational  flight  data 
acquisition  and  associated  research  programmes  towards  reducing  unscheduled  repair  costs 
through  a  validation  of  the  fatigue  substantiation  process,  through  understanding  the 
causes  of  high  fatigue  damage  rates  and  through  the  development  of  effective  monitoring 
of  structural  usage  fleetwide.  Knowledge  of  the  causes  of  high  fatigue  damage  rates 
permits  identification  of  load  alleviation  strategies  which  have  no  operational  penalty. 
It  is  considered  that  realization  of  the  first  two  aims  can  be  accomplished  by  a  '-ompro- 
hensive  instrumentation  fit  to  a  relatively  small  number  of  aircraft  covering  the  roles 
and  theatres  of  the  fleet.  The  aircrew  operating  procedures  for  the  sample  aircraft 
must  be  Identical  to  other  aircraft  in  the  fleet  so  that  they  are  not  singled  out  for 
especial  treatment.  The  investigative  nature  of  the  tasks  demands  that  any  airborne 
processing  of  the  data  shall  not  compromise  the  structural  usage  of  the  data,  or  elimi¬ 
nate  the  capability  to  diagnose  faulty  data. 

Most  UK  military  aircraft  carry  a  fatigue  load  meter  -  a  counting  accelerometer 
with  special  levels  and  thresholds  -  the  output  of  which  can  be  usad  to  monitor  the 
fatigue  life  consumption  of  those  components  of  the  aircraft  whose  loading  has  a  high 
correlation  with  normal  acceleration  in  all  fatigue  damaging  situations.  To  interpret 
the  exceedance  counts,  assumptions  must  be  made  about  the  load  distribution  over  the 
aircraft  at  the  time  the  counts  were  registered.  It  can  be  seen  that,  for  the  modern 
combat  aircraft  with  automatic  stability  and  control  systems,  manoeuvre  devices  and 
other  configuration  control,  use  of  the  fatigue  meter  leaves  many  components  unmonitored 
and  gives  rise  to  considerable  uncertainties  in  the  calculated  fatigue  consumption  in 
others.  Data  from  the  operational  load  measurement  programme  can  be  used  to  improve  the 
efficacy  of  current  monitoring  techniques  and,  if  necessary,  determine  suitable  alter¬ 
natives. 

In  the  course  of  the  programme  outlined  above,  methodology,  airborne  tecording 
equipment,  ground  replay  and  analysis  procedures  have  been  developed  and  tailored  to 
meet  the  exacting  demands  of  the  programme.  It  has  been  a  process  of  evolut.'on  with 
successive  programmes  growing  in  complexity  and  benefiting  from  experience  gained  from 
preceding  ones.  All  operational  load  measurement  programmes  are  financed  and  monitored 
technically  by  MOD,  the  analysis  of  the  data  being  carried  out  by  the  appropriate  divi¬ 
sion  of  the  aircraft  contractor.  This  Report  describes  the  overall  philosophy  of  the 
load  measurement  programmes,  the  development  of  tho  recording  system  used  in  the 
majority  of  the  programmes  and  illustrates  its  diverse  capabilities  with  examples  drawn 
from  operational  experience  with  the  equipment. 

Although  this  Report  concentrates  on  the  fatigue  load  measurement  and  monitoring 
aspects  of  data  analysis,  it  is  pertinent  to  note  that  the  data  are  also  examined  to 
assess  the  adequacy  of  aircraft  design  requirements.  The  operational  load  measurement 
programme  can  also  yield  information  of  use  in  the  design  process.  The  nature  of  the 
data  analysis  required  in  this  context  is  the  subject  of  further  research  programmes 
since  the  perceived  nature  of  the  structural  loading  and,  to  a  certain  extent,  the 
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aircraft  response  p.  .ameters  are  a  function  of  the  collecting  aircraft's  character¬ 
istics.  These  characteristics  must  be  eliminated  from  the  data  in  order  for  them  to  be 
relevant  to  a  future  aircraft. 

2  DATA  COLLECTION  PHILOSOPHY 

2 . 1  Operational  load  measurement  programmes 

These  programmes  seek  to  quantify  the  in-service  fatigue  life  consumption  and  to 
determine  the  cause  of  high  fatigue  damage  rates.  The  validation  of  the  fatigue 
substantiation  process  invariably  involves  deduction  of  stress  histories  at  particular 
structural  features  during  service  operation  which  can  be  assessed  against  those  used  in 
the  determination  of  the  fatigue  performance  of  those  features,  eg  as  measured  on  the 
major  fatigue  test.  The  operational  programme  must  collect  loading  data  in  a  form  which 
is  most  directly  usable.  Each  component  or  major  load  path  addressed  by  the  programme 
must  be  considered  f,  ,m  this  standpoint.  Essentially  the  question  being  asked  is  -  what 
loading  information  is  required  given  the  fatigue  substantiation  process  U3ed?  It  is 
vital  to  pose  this  question  in  the  planning  stage  because  the  analysis  task  must  be 
defined  and  its  implementation  to  hand  when  the  operational  data  arrives.  Critical 
analysis  must  proceed  as  the  data  are  acquired  to  detect  faults  and  false  assumptions 
quickly.  Otherwise  the  data  will  be  consigned  to  storage  and  never  be  used.  The  fati¬ 
gue  analyst  usually  requires  structural  data  in  the  form  of  local  stresses  or  overall 
applied  loads  -  torque,  bending  moment  and  shear  -  at  particular  stations.  The  opera¬ 
tional  load  measurement  programme  must  provide  these  data. 

In  the  UK,  consideration  was  given  to  evaluating  structural  loads  from  flight 
control  and  response  parameters  together  with  aircraft  configuration  and  flight  con¬ 
dition  data.  There  are  two  distinct  ways  of  dealing  with  the  parametric  data  and  it  is 
important  to  be  aware  of  the  limitations  inherent  in  each  when  used  to  calculate  struc¬ 
tural  loads  for  fatigue  purposes.  In  the  first  it  is  necessary  to  make  assumptions 
about  the  underlying  aerodynamic  and  inertial  load  distributions  giving  rise  to  the 
parametric  data  obtained.  This  must  be  done  throughout  the  whole  flight  envelope  for 
the  many  operating  and  environmental  conditions  met  in  practice.  These  load  distribu¬ 
tions  are  frequently  not  validated  for  each  aircraft  component.  At  frequencies 
appropriate  to  the  aircraft's  rigid  body  modes  the  totality  of  aircraft  loading  deriva¬ 
tives  will  have  been  used  in  handling  investigations  and  in  studies  of  flight  control 
law  performance  etc.  It  is  quite  possible  that  the  set  of  derivatives  will  have  been 
tweaked  to  reproduce  certain  aircraft  characteristics.  However,  such  models  frequently 
utilize  parameters  which  are  difficult  to  measure  accurately.  Additionally  asymmetric 
flow  breakdown,  turbulence,  aerodynamic  interference  effects  and  structural  vibration 
all  Influence  the  required  load  distribution  and  are  not  necessarily  reflected  accu¬ 
rately  in  the  whole  aircraft  model.  Identification  of  these  conditions  and  their 
effects  on  the  desired  load  time  histories  further  compound  the  interpretation  of  the 
parametric  data  in  respect  of  applied  load  distributions.  Once  the  load  distribution 
has  been  found,  overall  loads  can  bo  calculated  or  local  stresses  found  from  a  struc¬ 
tural  model  (eg  a  finite  element  model)  -  a  process  not  without  difficulty! 

Alternatively,  use  may  be  made  of  load  prediction  equations*  which  are  derived 
from  a  data  base  of  loads  and  parameters  by  regression  techniques* .  These  load  predic¬ 
tion  equations  often  reflect  the  statistical  properties  of  the  data  base  and  may  or  may 
not  represent  the  underlying  physics  of  load  generation.  Their  use  outside  the  domain 
of  the  data  base  is  therefore  not  advisable.  Consequently  the  data  base  used  to  derive 
the  parametric  equations  must  be  carefully  selected,  having  regard  to  tho  number  of 
specific  manoeuvres/flight  conditions  occurring  in  service  and  their  contribution  to 
fatigue  damage.  This  is  unknown  at  the  outset  of  the  operational  load  measurement 
programme.  Non-linearities  and  strong  dependence  on  flight  condition  and  vehicle  con¬ 
figuration  complicate  and  increase  the  number  of  load  prediction  equations  required. 

There  are  clearly  many  difficulties  and  uncertainties  in  evaluating  structural 
loads  from  parametric  data.  Since  the  objective  of  the  operational  load  measurement 
programme  is  to  quantify  the  operational  fatigue  loading,  the  UK  has  favoured  direct 
load  measurement  using  strain  gauge  installations  in  those  programmes.  Load  histories 
derived  from  strain  gauge  installations  automatically  Include  compensation  for  con¬ 
figuration  changes  and  operational  procedures  whereas  those  derived  from  parameters  do 
not.  However,  calculating  loads  from  parameters  means  that  the  analyst  can,  in  theory, 
compute  loads  anywhere  in  the  structure  whereas  with  direct  load  measurement  he  has  to 
make  a  choice.  His  aim  should  be  to  quantify  the  loading  conditions  in  the  main  load 
paths  to  give  overall  confidence  in  the  fatigue  substantiation  procedures  and  in  any 
known  local  fatigue  sensitive  areas.  The  gauge  installation  itself  has  to  be  carefully 
engineered  to  survive  in  the  operational  environment  and  produce  usable  data  over  long 
periods  of  time.  Erratic  performance  of  potentiometers,  plugs  anc  sockets,  variability 
in  insulation  resistance,  sensitivity  to  temperature  and  electrical  and  radio  frequency 
interference  must  be  eliminated,  as  far  as  possible,  by  careful  design.  All  strain 
gauges  are  wired  as  complete  four  arm  bridges  at  the  measurement  position.  Where 
possible,  strain  gauge  amplifiers  should  be  sited  close  to  the  gauge  installations  so 
that  long  cable  runs  carrying  low  voltage  signals  are  avoided. 

The  location  and  orientation  of  the  strain  gauge  is  critical  since  it  gives  a 
measurement  of  direct  structural  strain  along  its  length  in  the  Immediate  area  of  its 
location.  In  operational  load  measurement  programmes  gauges  should  be  attached  to  well 
defined  load  carrying  elements  and  in  uniform  and  unidirectional  stress  fields  away 
from  stress  concentrations.  Each  gauge  installation  should  be  chosen  so  that  it 
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predominantly  responds  to  a  desired  single  loading  action  unless  the  critics'  fatigue 
location  is  sensitive  to  more  than  one  loading  action.  Local  strain  measurements  can  be 
used  directly  in  fatigue  calculations  but.  more  usually,  a  ’fatigue  calibration’  is 
effected  through  a  similar  gauge  installation  on  a  major  fatigue  test  specimen  because 
it  would  never  be  wise  to  put  an  operational  strain  gauge  at  the  local  stress  con¬ 
centration  which  initiates  the  fatigue  failure.  Comparative  spectra  and  rates  of 
accumulation  of  fatigue  damage  can  thus  be  established  between  the  test  specimen  and  the 
operational  aircraft.  Sometimes  it  is  necessary,  because  of  the  fatigue  substantiation 
process  used,  to  establish  the  proportions  of  component  stresses  at  a  critical  feature 
or  to  estimate  the  overall  applied  torque,  bending  moment  and  shear  distributions.  In 
these  circumstances  a  ’load  calibration’  is  required.  The  latter  is  mainly  used  where 
it  is  necessary  to  relate  the  operational  measurements  to  the  input  of  a  major  fatigue 
test  or,  if  sufficient  detail  can  be  provided  in  the  overall  load  estimates,  to  permit 
fatigue  calculations  to  be  performed  over  the  whole  structure. 

The  structural  loading  data  can  be  analysed  for  fatigue  but  to  elucidate  the 
causes  of  high  fatigue  damage  rates  the  analyst  must  be  able  to  establish  associated 
aircraft  motions  and  automatic  system  performance.  Thus,  in  addition,  flight  parameters 
detailing  flight  condition,  aircraft  configuration,  control  demands  and  aircraft  respon¬ 
ses  are  also  measured.  Where  appropriate  the  performance  of  stability  augmentation 
systems  and  the  like  are  also  monitored.  The  parameter  list  is  tailored  to  complement 
the  structural  fit  and  varies  from  aircraft  programme  to  aircraft  programme. 

2.2  Fatigue  monitoring 

A  fleetwide  monitoring  system  should  provide  estimates  of  fatigue  damage  for 
critical  structural  components  from  the  measured  structural  usage  of  the  aircraft)  give 
an  Indication  as  to  whether  a  structural  Inspection  is  necessary)  prov.’.de  sufficient 
supplementary  information  to  enable  the  operator  to  put  a  structural  cost  on  his 
operations)  and  provide  an  assessment  of  the  loading  environment  in  major  load  path3 
and  components  for  comparison  with  design  assumptions. 

For  fleetwide  implementation,  the  ground  processing  costs  muss  be  contained  and 
disruption  of  operational  turn-round  procedures  minimized.  The  results  must  be  examined 
quickly  in  order  to  check  serviceability  of  the  monitoring  system  and  identify  damaging 
sorties.  The  cost  and  ease  with  which  monitoring  information  can  be  used  will  dominate 
the  issue  of  acceptance  and  usefulness  of  the  system  to  the  operator.  This  means  that 
in  the  monitoring  system  the  majority  of  the  data  processing  must  be  done  in  real  time 
during  the  mission.  The  fatigue  meter  is  an  excellent  example  of  this  philosophy.  Its 
successor  must  provide  more  detailed  coverage  of  the  airframe  and  improve  the  accuracy 
of  fatigue  estimates  by  collecting  structurally  relevant  statistics  of  load  histories 
appropriate  to  each  component  monitored. 

The  need  for  more  comprehensive  fatigue  monitoring  on  modern  combat  aircraft1  is 
illustrated  by  the  calculated  taileron  loading  during  two  stylized  rolling  manoeuvres 
shown  in  Fig  iatb.  The  normal  acceleration  is  comparable  in  both  cases  but  there  is  a 
factor  of  21  between  the  associated  taileron  loads  which  represents  a  factor  of  15  to  50 
on  fatigue  damage.  Fig  lc  Illustrates  the  effect  of  manoeuvre  demand  control  systems 
where,  in  the  case  Illustrated,  a  rudder  kick  gives  rise  to  taileron  loads  but  no  normal 
acceleration  increment. 

In  the  context  of  a  fleetwide  fit,  there  is  obvious  attraction  in  computing  struc¬ 
tural  load  time  histories  from  easily  measurable  flight  parameters  and  each  case  must  be 
examined  on  its  merits.  For  the  case  illustrated  in  Fig  1,  acceptable  load  estimates 
can  be  obtained  from  a  linear  combination  of  normal  acceleration  at  the  centre  of  grav¬ 
ity,  roll  rate,  symmetric  taileron  angle  and  differential  tailerpn  angle  for  a  given 
flight  condition,  aircraft  configuration  and  low  angle  of  attack  .  Howeve*-  thi  physcial 
loading  mechanism  in  this  flight  regime  varies  markedly  with  aircraft  configuration  and 
flight  condition.  At  high  subsonic  Mach  numbers,  different  parametric  equatijns  are 
required  for  clean  and  multiple  stores  configurations.  Also  each  equation  is  applicable 
over  a  restricted  range  of  flight  conditions.  A  large  number  of  load  equations  will  be 
needed  to  cover  all  flight  regimes.  This  will  render  the  parametric  approach  untenable 
if  the  operational  load  measurement  programme  shows  that  substantial  fatigue  damage  is 
sustained  in  many  flight  regimes.  By  way  of  contrast,  early  work  by  Anne  Burns  et  alJ 
suggested  that  quite  simple  equations  could  bj  used  to  predict  fin  loads  over  a  wide 
range  of  flight  conditions.  However  the  data  used  did  not  contain  significant  infor¬ 
mation  at  frequencies  above  1  Hz  because  low  pass  filters  were  used  to  remove  activity 
at  structural  frequencies.  Section  6.2  indicates  that  this  bandwidth  limitation  leads 
to  gross  underestimates  of  damage  rates  in  some  flight  conditions. 

In  a  floetwide  monitoring  system  only  those  statistics  oc  the  loading  environment 
necessary  for  fatigue  evaluation  can  be  economically  computed.  Currently  it  is  envis¬ 
aged  that  complete  loading  cycles  witjiip  a  loading  waveform  will  be  identified  by  a 
range-mean-pairs  (ralnflow)  technique’’’,  and  subsequently  used  with  -.he  remaining  peaks 
and  troughs  to  estimate  fatigue  damage  (or  crack  growth)  using  simple  cumulative  damage 
algorithms.  If  necessary,  residual  stress  effects  (or  crack  retardation)  can  be  intro¬ 
duced  on  a  flight-by-flight  basis. 

An  analysis  technique  to  meet  the  objectives  of  fatigue  monitoring  is  described  in 
Ref  6.  It  provides  damage  estimates  at  regular  intervals  during  the  flight  based  on 
interim  estimates  of  the  fatigue  resistance  of  the  structural  components.  To  find  the 
causes  for  high  fatigue  damage  rates  it  is  necessary  to  supplement  these  estimates  with 


1-4 


broad  brush  aircraft  state/conf iguratlon  parameters  at  the  time  of  the  damage  estimates. 
Such  parameters  might  Include  the  range  of  altitude,  airspeed,  normal  acceleration  at 
eg,  lateral  acceleration  at  eg,  flap,  slat,  airbrake,  nozzle  angle,  sweep  angle  eti 
during  the  last  time  Interval.  These  data  give  the  operator  the  basic  Information  tor 
fatigue  management  of  the  fleet.  The  technique  is  illustrated  in  Fig  2  which  shows 
the  fatigue  damage  profile  for  the  wing  of  a  large  flexible  aircraft.  (The  data  are 
taken  from  Ref  6.)  High  fatigue  damage  rates  and  the  relevant  operating  conditions  can 
be  identified  and  their  validity  established,  to  a  certain  extent,  from  the  supplemen¬ 
tary  parametric  information. 

Load  time  histories  directly  related  to  fatigue  critical  features  may  be  processed 
in  the  air  to  give,  for  each  monitored  station,  fatigue  damage  on  a  flight-by-f light 
basis  and  a  fatigue  damage  accumulation  profile  within  a  flight  to  meet  the  immediate 
objectives  of  fatigue  monitoring.  However  the  results  of  the  Intermediate  process  of 
loading  cycle  identification,  ie  the  range-mean  occurrence  matrix  for  the  whole  flight, 
must  be  retained  for  future  reassessment  in  the  light  of  increased  knowledge  of  the 
fatigue  resistance  of  the  structure. 

3  RAMIFICATIONS  OF  DATA  ACQUISITION 

Studies  of  the  structural  implications  of  operational  practices  demand  very  high 
data  quality  for  the  analysis  to  be  meaningful  -  complete  flights  must  be  analysed  auto¬ 
matically  and  any  data  losses  must  be  uncorrelated  with  structural  loading  severity.  In 
the  past  many  recorders  have  functioned  reliably  during  innocuous  flight  conditions  and 
consistently  failed  to  function  satisfactorily  during  structurally  or  aerodynamically 
severe  flight  conditions7  .  In  operational  load  measurement  programmes  described  in 
section  2.1,  the  data  must  be  recovered  in  time  history  format  to  permit  detailed 
investigation  of  the  causes  of  high  fatigue  loads.  The  performance  of  the  data  acquisi¬ 
tion  system  can  therefore  be  readily  assessed. 

Of  equal  importance  is  the  performance  of  the  sensors.  For  the  operational  load 
measurement  programmes  to  succeed,  sensors  must  survive  in  the  operational  environment. 
Many  data  collection  programmes  have  collected  flight  response  data  from  accelerometers, 
potentiometers  etc.  These  experiences  suggested  that  these  sensors  would  function 
reliably  in  the  operational  environment.  There  was  however  a  question  mark  over  the 
durability  and  stability  of  strain  gauge  installations  in  the  operational  environment. 
The  first  UK  programme  of  the  type  described  in  section  2.1  began  collecting  data  in 
1977.  Thirteen  strain  gauge  bridges  were  attached  to  the  wing  of  a  Victor  tanker 
aircraft.  Of  these  one  gauge  failed  within  the  first  three  months  but  the  rest  remained 
serviceable  throughout  the  programme  which  collected  data  for  three  years.  Gauge  datums 
and  amplifier  sensitivities  remained  sensibly  constant  throughout  the  programme.  This 
encouraging  experience  auge3ted  that,  with  placement  of  spare  gauges  alongside  those  to 
be  recorded,  the  data  acquisition  programmes  could  produce  structural  loading  data  from 
strain  gauges  in  service.  However  unserviceable  sensors  must  be  detected  quickly  other¬ 
wise  much  useless  data  may  be  collected.  This  means  that  the  data  must  be  verified  for 
quality  as  soon  as  possible  after  collection,  preferably  within  a  week. 

In  the  Victor  programme  mentioned  above  data  were  recorded  on  a  fourteen  track 
analogue  FM  recorder.  Thirteen  of  the  fourteen  tracks  were  given  over  to  strain  gauge 
data  while  the  flight  response  data  were  sampled  digitally  and  written  to  :-he  fourteenth 
track.  The  analogue  recorder  was  used  in  our  first  programme  for  expediency.  Digital 
data  acquisition  systems  are  preferred  since  tHey  offer  greater  flexibility  with  respect 
to  the  number  of  parameters  sampled  and  are  less  susceptible  to  electrical  interference. 
However  the  Victor  programme  did  give  an  opportunity  to  study  the  effects  of  limited 
bandwidth  and  sampling  rates  on  fatigue  loading  patterns.  These  and  other  studies 
(sections  6.2  and  6.3)  suggest  that  only  the  lower  order  structural  modes  are  likely  to 
be  fatigue  damaging  in  their  own  right.  The  major  loading  cycles  emanate  from  control 
surface  motions  and  the  atmospheric  environment  but  their  magnitude  may  be  substantially 
enhanced  by  the  superposition  of  vibration  loads.  This  means  that  typically  load  his¬ 
tories  must  be  sampled  at  8  to  64  samples/s  depending  on  the  predominant  structural 
resonant  frequencies.  This  provides  information  on  the  fatigue  implications  of  the 
vibration  but  may  not  enable  its  frequency  and  phase  characteristics  to  be  deduced. 

In  order  to  mount  an  operational  loads  measurement  programme  on  a  small  combat 
aircraft,  the  data  acquisition  system  must  be  relatively  compact.  Howsver  with  compact¬ 
ness  comes  comparatively  short  duration  recording  at  the  required  sampling  rates. 
Therefore  timewise  data  compression  techniques  must  be  used  to  reduce  the  quantity  of 
data  collected  during  structurally  innocuous  flight.  This  requires  'intelligence'  on 
the  part  of  the  data  acquisition  system  which  can  be  supplied  through  a  microprocessor 
based  system.  It  is  worth  remembering  that  ground  validation  of  the  data  and  fatigue 
analysis  are  time-consuming  and  expensive  and  are  proportional  to  the  number  of  data 
words  collected.  Therefore  the  use  of  data  compression  techniques  prior  to  data 
recording  leads  to  a  cost  effective  usage  of  ground  analysis  resources. 

As  discussed  in  section  2.1,  for  the  fleetwide  fatigue  monitoring  system  the  bulk 
of  the  fatigue  analysis  must  be  accomplished  in  the  air.  If,  as  is  likely,  the  fatigue 
consumption  of  the  modern  combat  aircraft  can  only  be  effectively  monitored  through 
access  to  a  subset  of  the  parameter  list  of  the  operational  load  measurement  programme 
then  it  is  clearly  logical  to  think  in  terms  of  common  equipments. 

Engine  Usage  Monitoring  Systems  (BUMS)  have  been  under  development,  under  the 
direction  of  the  Directorate  of  Engines  MOD(PE)  since  the  early  1970s° .  The  data 


acquisition  and  recording  system  was  developed  by  Plessey  and  uses  a  Davall  compact 
cassette  tape  recorder.  The  EUMS  Mk  I  had  an  overall  sampling  rate  of  32  samples/s  and 
recorded  data  continuously  on  a  single  track  of  the  cassette  tape.  There  was  no  analy¬ 
sis  capability.  The  EUMS  Mk  II  was  conceived  as  a  microprocessor  based  system,  with 
higher  sampling  rates  and  some  airborne  computational  capacity.  Materials  and 
Structures  Department,  RAE  have  participated  in  the  development  programme  with  the  aim 
of  producing  a  versatile  data  acquisition  and  analysis  system  which  would  meet  the 
diverse  tasks  of  the  operational  loads  measurement  programmes. 

Utilization  of  common  data  acquisition  hardware  for  both  structural  and  engine 
loads  data  measurement  maximizes  the  return  for  equipment  development  costs.  Scant 
research  and  support  service  resources  are  thus  directed  towards,  a  definitive  single 
entity  with  correspondingly  greater  return  for  that  effort. 

4  BASIC  FEATURES  OF  THE  EUMS  MK  II  DATA  ACQUISITION  SYSTEM 
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The  airborne  data  acquisition  system  that  has  evolved  is  based  on  a  digital 
flight  recorder  with  microprocessor  controlled  data  management.  The  microprocessor  is 
used  to  control  the  acquisition  of  the  data,  its  subsequent  intermediate  storage  in  a 
solid  state  memory  and  its  final  blocked  transfer  to  compact  cassette  via  a  Davall 
1207-003  tape  recorder.  The  hardware  development  was  carried  out  by  Plessey  under  MOD 
contract.  The  main  components  of  the  airborne  system  are  shown  in  Pig  3  in  bench  test 
arrangement.  The  system  comprises  the  data  acquisition  unit,  control  unit  and  quick 
access  tape  recorder.  The  data  acquisition  unit  accepts  analogue  signals  from  all  stan¬ 
dard  transducers  and  converts  them  to  10  bit  numbers  at  the  desired  sampling  rates. 
Parameter  sampling  rates  are  controlled  by  software  as  is  their  position  in  the  data 
frame  format.  The  overall  sampling  rate  is  switchable  and  ranges  from  8  to  512  words 
per  second  in  binary  steps.  Thus  common  digital  recording  hardware  may  be  tailored  by 
software  changes  to  meet  specific  requirements.  Signal  conditioning  boards  can  alco  be 
configured  to  suit  particular  applications1 “ . 

The  10  data  bits,  an  eleventh  bit  (used  as  a  mode  marker  for  timewise  data 
compression,  section  7)  and  a  parity  bit  are  assembled  into  a  12  bit  word  and  stored  in 
solid  state  intermediate  memory  silos.  The  data  stream  is  assembled  in  an  ARINC  573 
code  pattern  ,  Software  controls  whether  or  not  a  silo  of  data  i3  subsequently  trans¬ 
ferred  to  cassette.  The  tape  drive  works  in  a  stop/start  mode  and  if  data  are  to  be 
output  to  tape,  the  tape  is  run  up  to  its  operating  3peed  of  3  in/s  when  data  are  trans¬ 
ferred  from  a  silo  of  2560  words  at  1540  bits/in.  When  the  silo  is  empty  the  tape  drive 
stops.  This  recording  mechanism  results  in  a  substantial  increase  in  reliability  since 
the  tape  transport  mechanism  is  always  recording  data  at  a  relatively  high  tape  speed. 
Wow  and  flutter  problems  associated  with  low  tape  recording  speeds  are  much  reduced. 

Data  quality  is  Improved  in  the  presence  of  severe  structural  vibration  and  the  extreme 
event  is  certain  to  be  actually  recorded  on  the  tape  at  least  li  s  after  the  event.  By 
the  use  of  parallel  recording  on  four  tracks  of  a  compact  cassette,  over  two  million 
words  are  recorded  on  a  single  C-90  cassette.  Data  quality  cassettes  cost  about  £5  each 
and  are  thus  an  attractive  data  medium  from  an  economic  point  of  view.  Thsy  are  cheap 
enough  to  be  used  once  only  and  also  provide  an  economic  means  of  long  term  data 
storage.  In  the  absence  of  data  compression  the  recording  durations  for  a  C-90  cassette 
range  from  20  h  at  32  wordr to  1}  h  at  512  words/s.  The  compact  cassette  is 
quickly  and  easily  transfe  from  its  operational  location  to  the  ground  analysis 
station.  However  there  i-  also  a  family  of  ground  support  equipments  which  are  used  in 
the  operational  theatre  to  diagnose  faults  in  the  system  and  transducers.  A  flight  line 
test  set  can  be  used  to  interrogate  the  digital  data  at  selectable  locations  in  the  data 
format.  Stability  of  ground  datum  values  can  be  assessed  for  acceptability.  A  portable 
replay  unit  can  produce  hard  copy  data  from  the  cassette  if  required. 

5  OPERATIONAL  EXPERIENCE  WITH  EUMS  MK  II 

The  pilot  operational  loadB  measurement  programme  on  Victor  clearly  demonstrated 
the  value  of  such  programmes  in  removing  speculation  as  to  the  origins  and  magnitudes  of 
structural  fatigue  loading  cycles.  The  first  uses  of  EUMS  Mk  II  in  structural  pro¬ 
grammes  on  fixed  wing  aircraft  were  aimed  at  ad  hoc  problems  and  were  restricted  in 
their  coverage  of  the  airframe  and  the  associated  parameter  fit.  The  programmes  uti¬ 
lized  equipments  procured  for  engine  usage  studies,  as  in  the  case  of  Jaguar,  or 
research  purposes  (Hercules  and  Sea  King).  The  programmes  are  outlined  in  Table  1.  The 
fitment  of  the  system  in  a  Sea  Ki'ng  helicopter  was  by  way  of  a  pilot  exercise  to  gather 
both  flight  usage  data  and  engine  torque  data  to  establish  the  viability  of  the  data 
acquisition  system  in  the  helicopter  environment. 

At  RAE,  data  from  each  installation  were  studied  in  parallel.  A  number  of  sources 
of  data  corruption  in  the  complete  data  acquisition/ground  replay  system  were 
identified12.  During  these  early  programmes  there  was  a  continuing  improvement  in  the 
quality  of  the  data  as  successive  error  patterns  were  nullified.  The  installation  on 
Jet  Provost  in  late  1981  incorporated  most  of  the  system  improvements  identified  in  the 
earlier  programmes  and  discard  rates  of  1  in  10  to  10’  words  were  achieved. 

Residual  errors  were  not  associated  with  structural  severity.  It  is  likely  that 
most  were  associated  with  power  supply  transients.  Future  installations  will  include  a 
transient  suppression  unit  which  will  hold  up  the  power  during  a  50  ms  break  and  also 
remove  large  spikes  giving  a  stabilised  power  supply.  These  programmes  have  demon¬ 
strated  that  the  system  can  produce  data  of  high  quality  in  the  operational  environment. 
However  it  must  be  recognized  that  no  airborne  digital  recording  system  will  ever 
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produce  flawless  data.  The  analyst  must  ensure  that  error  patterns  In  the  data  stream 
do  not  invalidate  his  analysis. 

For  the  large  transport  aircraft,  the  sortie  time  is  likely  to  exceed  the  cassette 
recording  time.  The  simple  BUMS  Mk  II  becomes  less  attractive  since  crew  action  is 
required  to  change  cassettes.  However,  with  the  Hercules  programme,  cassettes  were 
changed  at  regular  intervals  enabling  data  to  be  collected  throughout  the  sortie.  It 
does  mean  that  there  arc  special  instructions  for  operating  the  data  collection  aircraft 
of  the  fleet.  This  type  of  notoriety  is  usually  avoided  in  an  effort  to  ensure  the  data 
collected  are  representative  of  fleet  usage.  For  future  programmes,  utilization  of  the 
BOMS  Mk  II  with  timewise  data  compression  (section  7)  may  well  obviate  the  need  for  crew 
action. 

6  EXAMPLES  TAKEN  FROM  THE  OPERATIONAL  LOAD  MEASUREMENT  PROGRAMMES  USING  BUMS  MK  II 

6.1  General  remarks 


As  mentioned  in  the  Introduction,  the  operational  lohds  data  are  analysed  by  the 
aircraft  contractor- to  meet  the  direct  objectives  of  the  exercise-  The  examples  pre¬ 
sented  here  are  taken  from  the  investigative  and  research  programmes  at  RAE.  They 
illustrate  that  EUMS  Mk  II  works  well  in  diverse  environments.  The  data  have,  in  the 
main,  been  used  to  study  the  impact  of  sensor  characteristics  on  analysis  tasks.  This 
work  enables  bandwidth  and  sampling  rates  for  the  more  ambitious  programmes  (section  7) 
to  be  estimated  with  confidence. 

The  examples  clearly  show  the  need  for  accurate  fatigue  monitoring  and  illustrate 
the  difficulties  that  are  associated  with  deriving  loads  from  aircraft  response  par¬ 
ameters.  The  strain  gauge  installations  remained  serviceable  throughout  the  duration  of 
the  programmes  (Table  1). 

6.2  Empennage  load  measurement 

6.2.1  Jaguar 

The  Jaguar  programme  showed  that  low-level  operations  were  a  major  contribution  to 
fatigue  damage  at  the  fin  root.  It  was  therefore  most  important  that  subsequent  pro-  • 
grammes  should  accurately  assess  the  situation  on  other  aircraft.  Of  the  two  aircraft 
in  the  Jaguar  programme,  one  had  a  strain  gauge  amplifier  bandwidth  of  10  Hz  and  the 
other  40  Hz.  The  fundamental  fin  bending  mode  is  about  12-13  Hz.  Visual  inspection  of 
data  from  the  40  Hz  bandwidth  aircraft  suggests  that  a  few  high  frequency  loading 
actions  are  eliminated  by  the  10  Hz  bandwidth  amplifiers.  The  following  discussion  is 
based  on  data  from  the  10  Hz  bandwidth  system  sampled  at  32  samples/s.  The  life  con¬ 
sumption  analyses  can  be  considered  reasonably  realistic  for  the  real  structure  but  are 
related  to  specific  flight  conditions.  Any  read  across  to  total  aircraft  lives  must 
include  an  assessment  of  how  often  the  flight  condition  is  met  in  practice. 

Fig  4  shows  a  fatigue  damage  profile  for  a  low-level  sortie.  The  rate  of  fin 
fatigue  damage  varies  within  a  patch  of  low-level  flight,  the  damage  rate  quickly  fall¬ 
ing  to  zero  (over  a  period  of  5-15  s)  when  the  aircraft  gains  altitude.  The  damage 
rate  varied  between  flights  -  some  flights  had  locally  higher  rates  than  those  of  Fig  4. 
These  variations  may  well  be  associated  with  the  terrain  and/or  the  atmospheric  environ¬ 
ment.  Strain  data,  typical  of  the  period  marked  on  Fig  4  are  shown  in  the  top  trace  of 
Fig  5  with  an  expanded  time  base  to  permit  a  more  detailed  study  of  its  characteristics. 
The  lower  traces  of  Fig  5  show  how  these  data  are  distorted  as  the  bandwidth  is  reduced 
to  6,  1.8  and  0.9  Hz  respectively  by  numerical  filtering  techniques.  Dutch  roll  acti¬ 
vity  is  a  possible  cause  of  the  lower  frequency  component  at  about  0.8  Hz.  The  sharp¬ 
ness  of  the  transient  strain,  perhaps  due  to  a  gust,  at  point  A  of  the  top  trace  of 
Fig  5  suggests  that  a  higher  bandwidth  and  sampling  rate  would  be  necessary  to  measure 
accurately  its  magnitude  and  characteristics. 

As  might  be  expected  from  a  visual  inspection  of  Fig  5,  the  bandwidth  has  a  marked 
effect  on  computed  life  estimates  and  damage  distributions.  Damage  rates  per  hour  were 
estimated  for  the  flight  conditions  of  Fig  5  for  each  of  the  data  bandwidths  illus- 
tr-.ted.  A  range-mean-pa irsH  analysis  was  used  to  produce  the  stress  range  exceedance 
. cunt  shown  in  Fig  6.  It  can  be  seen  that  relative  to  the  raw  data  exceedance  curve  the 
v.9  Hz  bandwidth  data  reduces  the  stress  range  amplitude  by  a  factor  of  1.5  at  the 
higher  amplitudes  and  reduces  the  frequency  of  occurrence  of  the  lower  amplitude  cycles 
by  a  factor  of  3.  The  resulting  damage  distribution  for  the  mean  life  S-N  curve  of 
Fig  6  is  shown  in  Fig  7.  The  characteristic  trend  is  for  the  maximum  damage  to  be 
shifted  to  a  lower  stress  amplitude  and  to  be  redded  in  magnitude  as  the  bandwidth  of 
the  data  is  reduced.  The  total  damage  is  reduced  by  factors  of  1.2,  2.8  and  12  for  the 
6  Hz,  1.8  Hz  and  0.9  Hz  bandwidths  respectively. 

6.2.2  Jet  Provost 

At  entry  into  service  the  predicted  fatigue  life  of  the  Jet  Provost  tin  root  was 
dominated  by  spinning.  Unexpected  fatigue  failures  led  to  an  ad  hoc  operational  load 
measurement  programme.  It  was  found  that  although  the  spins  did  produce  severe  struc¬ 
tural  activity,  in  fatigue  damage  terms,  the  type  and  extent  of  current  low-level 
training  proved  more  exacting.  Based  on  Jaguar  experience  the  strain  gauge  amplifiers 
of  the  Jet  Provost  programme  had  40  Hz  bandwidth,  and  fin  and  tailplane  strain  gauges 
were  sampled  at  32  samples/s. 
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Data  from  BUMS  Mk  II  collected  during  stalls  and  spins  are  shown  in  Fig  8.  It 
can  be  seen  that  one  stalled  wing  condition  leads  to  substantial  high  frequency  struc¬ 
tural  activity  at  both  the  fin  and  the  tailplane  and  some  at  the  wing  root.  From  the 
expanded  time  history  of  fin  bending  moment,  Fig  9,  it  is  evident  that  the  raw  data  can 
only  indicate  the  severity  of  the  high  frequency  loading  components  during  the  stall 
condition;  higher  sampling  rates  and/or  bandwidth  are  necessary  for  accurate  assessment 
and  to  detect  individual  erroneous  data  points.  The  raw  data  can  however  be  used  to 
identify  such  flight  conditions/manoeuvres  for  which  a  more  detailed  assessment  is 
necessary  should  their  frequency  of  occurrence  in  the  operational  spectrum  indicate  a 
significant  contribution  to  the  total  fatigue  life  consumption.  It  is  pertinent  to 
note,  from  the  two  lower  traces  of  Fig  9,  that  this  is  still  evident  when  the  sampling 
rate  is  halved  to  16  samples/s. 

The  section  of  low-level  flight  shown  in  Fig  10  is  taken  from  a  38  minute  period 
of  low  flying  and  represents  average  amplitudes  of  gauge  outputs  during  that  period. 

The  dominant  oscillation  on  the  fin  bending  gauge  is  at  about  0.6  Hz  and  is  probably 
associated  with  Dutch  roll  activity.  The  bursts  of  activity  which  grow  and  decay  may 
well  be  initiated  by  the  pilot  and/or  the  atmospheric  environment.  In  this  flight  con¬ 
dition  significant  structural  activity  is  for  the  most  part  confined  to  the  fin  in 
contrast  to  the  spin  data  above.  A  portion  of  *in  gauge  output  was  passed  through 
the  same  set  of  numerical  filters  used  in  the  Jaguar  eiercise.  The  result  is  shown  in 

Fig  11.  (The  scales  used  are  the  same  as  those  of  Fig  9.)  The  0.6  Hz  stress  reversals 

have  superimposed  on  them  varying  amounts  of  high  frequency  activity  which  increase  the 

fatigue  damaging  ranges.  The  increase  is  not  uniform  since  the  largest  load  cycle  A  of 

Fig  11  is  virtually  unaltered  whereas  others  such  as  B  and  C  are  doubled  when  frequen¬ 
cies  above  0.9  Hz  are  included. 

6.2.3  General  conclusions 

Low-level  operations  have  been  a  major  contributor  to  fin  fatigue  problems  on  two 
aircraft:  Jaguar  and  Jet  Provost.  In  any  assessment  of  fatigue  damage  throughout  the 
operational  spectrum  it  is  important  to  use  data  of  sufficient  bandwidth  and  sampling 
rate  so  that  fatigue  damaging  flight  conditions/manoeuvres  can  be  accurately  identified 
and  their  damage  contribution  accurately  quantified.  It  has  been  demonstrated,  on 
Jaguar  and  Jdt  Provost  operational  flying,  that  empennage  fatigue  monitoring  requires 
10-40  Hz  bandwidth  and  32-64  samples/s.  Only  then  can  there  be  confidence  in  the  calcu¬ 
lated  damage  distribution  and  thus  confidence  in  any  read  across  to  fleet  lives. 

6.3  Hercules 


The  prime  objective  of  the  Hercules  programme  was  to  measure  wing  loads  during 
take  off  and  landing.  The  only  supportive  flight  parameter  was  normal  acceleration. 
However  data  were  collected  throughout  the  flight.  Some  large  sharp  normal  acceleration 
transients  were  seen  on  several  flights  during  low-level  support  work.  These  were 
studied  in  some  detail  in  view  of  the  importance  of  low-level  operations. 

Current  discrete  gust  requirements  have  evolved  from  normal  acceleration  data 
which  were  reduced  to  equivalent  gust  velocities  under  the  assumption  that  the  measured 
accelerations  were  due  to  the  atmosphere.  Normal  acceleration  data  such  as  that  of 
Ref  13  from  the  Civil  Aircraft  Airworthiness  Data  Recording  Programme  are  frequently 
used  in  the  study  of  gust  models  and  statistics.  However  the  analyst  must  ensure  that 
the  bandwidth  of  the  raw  data  i3  adequate  for  his  analysis  objectives  The  following 
example  from  the  Hercules  programme  shown  how  limited  bandwidth  can  mask  the  true 
characteristic  of  the  rarer  large  sharp  transients.  The  data  obtained  from  the  EUMS 
Mk  II  are  shown  in  Fig  12.  The  local  meteorological  conditions  were  reported  an  3/8 
cumulus  at  1800  feet  with  a  mean  wind  speed  of  17  kn.  The  transient  at  A  has  the 
characteristic  of  a  rotor;  the  wing  strain  gauges  exhibit  a  similar  pattern.  The 
derived  statistics  of  the  normal  acceleration  transient  are  shown  in  Tabic  2.  These 
remain  substantially  unaltered  as  the  bandwidth  is  reduced  down  to  about  3  Hz.  At 
0.9  Hz  bandwidth  the  character  of  the  original  transient  has  been  destroyed,  the  ampli¬ 
tude  having  been  reduced  by  a  factor  of  1.3  and  the  width  doubled.  Reducing  the 
sampling  rate  further  degrades  the  perceived  properties  of  the  transient.  It  is  impor¬ 
tant  to  note  that  these  data  were  obtained  at  210  kn  TAS.  Many  civil  and  military  gust 
encounters  are  likely  to  be  at  higher  speeds  so  higher  bandwidth  and  sampling  rates 
become  essential. 

The  data  of  Fig  13  are  taken  from  a  combat  training  sortie  at  low  level.  The 
manoeuvre  of  the  last  25  s  of  Fig  13  was  repeated  some  1}  min  later  but  without  the 
transient  loading  at  A.  Of  particular  interest  is  the  transient  at  B,  almost  certainly 
due  to  gust  since  it  is  out  of  character  for  a  deliberate  manoeuvn.  The  maximum  rate 
of  change  of  g  is  some  7.5  g/s,  the  g  increment  being  1.5  g  achieved  over  a  period  of 
0.375  s.  Both  this  transient  and  the  previous  one  are  comparable,  in  magnitude  and 
gradient  distance,  with  the  discrete  gust  of  design  requirements.  Unless  the  conditions 
giving  rise  to  such  transients  can  be  identified  by  the  pilot,  then  the  simultaneous 
occurrence  of  the  manoeuvre  and  the  transient  must  be  a  definite  possibility  resulting 
in  a  structural  load  substantially  exceeding  current  design  requirements.  Research 
programmes  to  study  the  structural  risk  of  low-level  operations  are  underway  as  are 
programmes  to  collect  atmospheric  turbulence  data  at  low  level  over  a  variety  of 
terrains. 
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6.4  Sea  King 

The  data  of  Fig  14  were  obtained  from  a  BUMS  Mk  II  installation  in  a  Sea  King 
helicopter  and  show  a  rapid  turn  from  rearwards  flight  relative  to  the  air  and  ground 
which  was  reported  by  the  pilot.  These  data  illustrate  how  difficult  it  can  be  to 
identify  some  manoeuvres  and  modes  of  flying  from  parametric  data.  The  control  angles 
shown  are  pilot  demands:  these  actions  together  with  inputs  from  the  automatic  flight 
control  system  give  rise  to  the  measured  responses.  It  is  difficult,  if  not  impossible 
to  identify  the  rearwards  flight  from  these  data.  Other  conditions  such  as  sideways 
flight  can  be  equally  difficult  to  identify.  If  such  'unidentifiable'  manoeuvres  con¬ 
tribute  markedly  to  the  fatigue  life  of  a  component  it  will  be  difficult  to  assess  that 
component  for  fatigue  unless  a  direct  measurement  of  the  required  loading  is  obtained. 

The  turn  of  Fig  14  has  an  average  rate  of  about  36  deg/sj  the  pilot  has  no 
instrument  to  indicate  its  severity  and  his  physiological  cues  indicate  a  fairly  benign 
environment.  Normal  acceleration  at  the  rotor  station  and  the  tail  are  very  close  to 
1  g  suggesting  that  the  pilot  station  likewise  is  at  1  g  conditions.  The  lateral  accel¬ 
eration  at  the  cockpit  is  relatively  innocuous  but  very  large  lateral  accelerations  and 
forces  are  generated  at  the  tail  particularly  when  stopping  the  turn. 

Although  the  EUMS  Hk  II  functioned  competently  in  the  helicopter  environment  the 
same  cannot  be  said  for  one  of  the  normal  accelerometers  at  the  rotor  station  which 
failed  after  about  five  flights.  The  trace,  NCS,  shown  in  rjg  14,  is  from  the  unser¬ 
viceable  instrument  on  the  starboard  side  while  NCP  shows  data  from  a  serviceable 
instrument  on  the  port  side.  The  vibration  at  the  accelerometer  location  produced  a 
number  of  short  circuited  turns  of  the  accelerometer  potentiometer  near  the  1  g  position. 
This  produces  a  fault  easy  to  recognize  visually  but  difficult  to  identify 
automatically. 

The  pilot  exercise  on  Sea  King,  which  collected  data  from  150  flights,  showed  that 
the  data  could  be  Interrogated  automatically  and  analysed  even  though  all  airborne/ 
ground  system  enhancements  currently  in  use  were  not  implemented.  Forthcoming  program¬ 
mes  on  Chinook  and  Sea  King  will  employ  BUMS  Mk  II  equipment. 

7  TIMEWISE  DATA  COMPRESSION 


In  order  to  extend  the  recording  capacity  of  the  basic  EUMS  Mk  II,  software  and 
hardware  have  been  developed  to  implement  a  timewise  data  compression  algorithm  which 
does  not  impair  the  structural  usefulness  of  the  data.  Data  acquisition  systems  with 
this  capaj^lity  are  known  generically  as  Structural  Usage  Monitoring  System  (SUMS) 
recorders  .  The  incoming  data  are  always  sampled  at  a  pre-selected  maximum  overall 
word  rate,  eg  512  or  256  words/s,  and  stored  in  an  internal  buffer  of  capacity 
3  x  1024  words.  The  latest  1024  words  are  examined,  on  acquisition,  for  structural 
severity  by  reference  to  six  user  nominated  'trigger'  parameters.  Structurally  signifi¬ 
cant  flight  is  presently  identified  if  any  one  of  the  'triggers'  exceeds  a  preset, 
programmable,  limit.  In  principle  any  logical  expression  which  is  a  function  of  the  six 
'trigger'  parameters  can  be  used.  If  structurally  significant  activity  is  deemed  pre¬ 
sent  then  the  previous  1024  words  of  data  will  be  output  at  maximum  rate  otherwise  only 
64  (or  a  binary  multiple  thereof,  eg  128  or  256)  user-selectable  words  of  thr  '024  will 
be  output.  This  method  ensures  that  the  output  data  stream  contains  at  lea.  t  s  of 
pre-event  data  at  high  ;•  mpling  rate  and  accurately  tracks  slowly  changing  .  ••  con¬ 
ditions.  Data  are  output  at  maximum  rate  until  quiescent  conditions  have  be.  >  main¬ 
tained  for  a  given,  user-programmable  interval  of  time. 

SUMS  recorders  will  be  used  in  forthcoming  operational  load  measurement  programmes 
on  Tornado,  Buccanovr,  Hawk  and  Jaguar  aircraft.  The  SUMS  recorder  for  Tornado  will 
operate  at  a  maximjm  rate  of  512  words/s  and  will  initially  be  used  with  a  compression 
ratio  of  8:1.  In  compressed  mode,  the  64  words  in  a  second  will  contain  a  reading  for 
each  parameter  taken  from  within  a  narrow  time  slice.  It  is  expected  that  the  flight 
time  recorded  will  be  extended  from  li  h  to  about  5  h.  The  first  Tornado  SUMS  aircraft 
is  expected  to  start  collecting  data  in  May/June  1984. 

8  RANGE-MEAN-PAIRS  ANALYSIS  IN  FLIGHT 

During  the  fatigue  analysis  of  the  structural  data  from  the  operational  loads 
measurement  programmes,  range-mean-pairs  (rainflow)  analyses  are  used  to  identify  fati¬ 
gue  damaging  loading  cycles.  The  loading  cycle  is  subsequently  classified  by  its  load 
range  and  mean  load  level  and  sorted  into  class  cells  whose  boundaries  reflect  the 
requirement  that  each  range-pair  count  in  a  cell  can  be  assumed  to  produce  a  known 
amount  of  damage.  The  resolution  used  in  the  range-mean-pairs  analysis  must  be  suf¬ 
ficient  to  define  accurately  the  boundaries  of  the  matrix  cells.  The  range-mean  fre¬ 
quency  of  occurrence  matrix  is  used  in  conjunction  with  a  darntge  matrix  to  evaluate 
accrued  damaged.  Long-term  storage  of  statistics  of  the  loading  environment,  for  future 
assessment,  demands  that  only  the  structurally  significant  features  of  each  load  history 
be  retained.  The  range-mean  matrix  provides  the  necessary  basis  (section  2.2). 

Clearly,  producing  the  frequency  of  occurrence  matrix  in  the  air  can  reduce  ground  pro¬ 
cessing  costs  in  the  operational  load  measurement  programmes  if  suitable  load  histories 
are  defined  a  priori.  Airborne  analysis  is  a  necessary  prerequisite  for  the  advanced 
fatigue  monitor  of  section  2.2. 


The  microprocessor  of  the  Hercules  BUMS  Mk  II  has  been  programmed  to  perform  in¬ 
flight  range-mean-pairs  counting  on  all  fifteen  channels  of  data  (14  strain  gauges  plus 
normal  acceleration)  in  addition  to  its  basic  SUMS  Mk  II  functions. 

The  occurrence  matrices  are  accumulated  in  solid  state  memory  and  written  to  com¬ 
pact  cassette  at  the  end  of  the  flight.  The  cassette  therefore  contains  tho  raw  data 
plus  the  results  of  in-flight  analysis.  Ground  analysis  has  confirmed  the  correct  func¬ 
tioning  of  the  airborne  computation. 

The  digitised  loading  data  in  a  fatigue  load  monitoring  system  must  encompass 
limit  load  conditions.  At  the  same  time  the  data  must  have  sufficient  resolution  to 
cater  for  a  variety  of  S-N  curve  shapes  and  low  fatigue  endurance  limits 
(eg  ±1000  lb/in  ,  ±5.9  MN/m  ).  To  achieve  this  without  introducing  corrections  for  the 
grouping  of  the  peak  and  trough  values  by  the  digitisation  process.  256  resolution 
levels  (8  bits)  are  needed.  At  64  resolution  levels  substantial  corrections  for  group¬ 
ing  will  be  required’ .  The  BUMS  Mk  II  has  an  8  bit  microprocessor  and  therefore  the 
data  were  reduced  from  10  bits  to  8  bits  prior  to  range-mean-pairs  analysis. 

A  typical  frequency  of  occurrence  matrix  recovered  from  the  cassette  tape  is  shown 
in  Table  3.  In  this  installation,  the  cell  boundaries  of  the  matrix  were  tailored  to 
produce  accurate  estimates  of  damage  due  to  low  amplitude  loading  cycles  postulating  a 
low  endurance  structure.  The  cell  sizes  for  the  higher  amplitude  loading  cycles  are  too 
large  to  allow  exact  calculation  for  any  one  flight  because  the  counts  per  flight  would 
be  very  low.  However  when  many  flights  are  summed,  it  is  reasonable  to  assume  that  the 
counts,  within  a  cell  have  a  statistical  distribution.  The  airborne  algorithm5'15 
ensures  that  the  largest  amplitude  cycle  is  separately  identified  a3  peak/trough  values 
thus  permitting  a  more  detailed  assessment  of  the  effects  of  the  once-per-f light  loading 
cycle.  Many  more  cells  would  contain  counts  during  a  severe  flight. 

9  CONCLUSIONS 


The  UK  philosophy  adopted  in  its  operational  load  measurement  programmes  involves 
direct  structural  load  measurement  via  strain  gauge  installations.  These  are  supported 
by  a  flight  parameter  fit  to  identify  the  causes  for  high  fatigue  damage  rates.  Strain 
gauge  installations  have  proved  reliable  in  operational  se-vice. 

The  Engine  Usage  Monitoring  System  (BUMS  Mk  II),  developed  in  the  first  instance 
for  engine  monitoring,  has  been  used  to  collect  the  structural  operational  data  on  com¬ 
pact  cassette.  The  system  has  been  shown  to  work  well  in  a  number  of  different  opera¬ 
tional  environments.  The  system  is  controlled  by  a  microprocessor  and  can  be  tailored 
by  software  changes  xo  meet  specific  requirements  of  a  programme.  The  spare  computing 
capacity  of  the  microprocessor  can  be  used  for  in-flight  processing  of  the  incoming  data 
stream.  In  a  particular  application,  range-mean-pairs  analyses  of  fifteen  data  channels 
wt-e  performed  and  the  results  written  to  compact  cassette  at  the  ond  of  the  flight. 

A  derivative  of  EUMS  Mk  II  known  as  Structural  Usage  Monitoring  System  (SUMS), 
has  been  developed  to  extend  the  flight  time  capacity  of  the  compact  cassette.  In  SUMS 
the  microprocessor  is  used  to  effect  a  timewise  data  compression  algorithm  which  does 
not  impair  the  structural  usefulness  of  the  data.  It  is  planned  to  use  this  data 
acquisition  system  for  operational  load  measurement  programmes  on  Tornado,  Buccaneer, 
Hawk  and  Jaguar. 

Data  replay  and  analysis  procedures  have  been  developed  to  ensure  that  fault 
diagnosis  and  error  correction  can  be  controlled  in  the  operational  environment.  The 
oyerational  loads  measurement  programmes  to  date  have,  in  virtually  every  instance, 
directed  structural  analysts  to  flight  conditions/activities  in  which  the  structural 
penalties  had  not  been  fully  appreciated.  The  programmes  can  provide  a  wealth  of  infor¬ 
mation  on  pilot  operating  techniques  and  the  perfcrmince  of  automatic  flight  controls. 
This  information  can  be  used  to  produce  design  and  operating  recommendations  that  will 
conserve  fatigue  life  with  a  negligible  operational  penalty.  The  programmes  clearly 
demonstrate  that  different  parts  of  the  aircraft  suffer  fatigue  damage  in  different 
operational  activities  and  show  that  accurate  fatigue  life  monitoring  at  many  locations 
is  essential  to  cost  effective  planning  of  fleet  utilization. 
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Table  I 

EXPERIENCE  WITH  EUMS  HK  II  IK  OPERATIONAL  LOADS  MEASUREMENT  PROGRAMMES 


Aircraft 

No. 

Programme  data* 

Word 

discard  rats 

Parameters  j 

S«a  King 

1 

Stptember  1960  -  April 

1981 

3  in 

1000 

Plight  rosponse  and  control  data*  rotor 
rev/ml n  and  engine  torques. 

Jaguar 

2 

Juno  1979  -  Kay  1980 
Juno  1980  -  September 

1981 

Data 

1  in 

unusabls 

100 

Thrse  channels  strain  data  on  empennage* 
height  and  speed. 

Herculaa 

1 

December  1960  -  April 

1983 

3  in 
1  in 

1000  (start! 
10000 

Fourteen  channels  strain  data  on  wing, 
normal  acceleration. 

Jat  Provost 

2 

October  1961  -  April  1962 

1  in  10000 
to  100000 

Sight  channels  strain  data  on  empennage 
and  eing  (1),  normal  and  lateral  (tall) 
acceleration. 

(7), 

Sea  King 

1 

November  1983  - 

Flight  response  and  ^control  data*  rotor  rev/ 
min*  engine  torque*  tail  rotor  torque*  one 
strain  gauge  channel  on  sir frame  (choice  of 
three  switchable). 

Table  2 

EFFECT  OF  BANDWIDTH  AND  SAMPLING  RATE  ON  THE  CHARACTERISTICS  OP  THE 
HERCULES  TRANSIENT  'A'  OF  FIG  12 


Sampling  rate 

16  samples/s 

Sampling  rate 

8  samples/s 

Trsnsiont 

characteristic 

Bandwidth 

of  data 

Bandwidth 

of  data 

15.5  Hz* 

0.9  Hz 

15.5  Hz 

0.9  Hz 

|  g  peak  -  g  trough  1 
(g  units) 

1.69 

1.23 

1.62-1.69 

1.21-1.23 

'  peak  -  time  trough | 
nds ) 

0.344 

0.719 

0.375 

0.75 

n 

At  i.»ax 
(g  units/s) 

7.84 

2.72 

6.8-7.68 

2.56-2.64 

♦The  caw  data  has  bandwidth  15.5  Hz  and  were  sampled  at  16  samples/s. 


Table  3 


HERCULES:  RANGE-MEAN-PAIRS  COUNT  OF  A  WING  STRAIN  GAUGE 
f«  ch.nn.1  ijHERCULES:  RANGE-HEAN-PAIRS  COUNT  OF  A  WING  STRAIN  GAUGE 


Kang*  la  digits  j 

10- 

12- 

16- 

20- 

24- 

28- 

32- 

40- 

48- 

56- 

64- 

80- 

96- 

112- 

128- 

144- 

160- 

176- 

192- 

208- 

224- 

240- 

11 

15 

19 

23 

27 

31 

39 

47 

55 

63 

79 

95 

111 

127 

143 

159 

175 

191 

207 

223 

219 

255 

0-  31 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

32-  63 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

M  64-  95 

17 

22 

9 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

8  96-127 

1 

4 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

A  128-159 

76 

81 

25 

7 

3 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

n  160-191 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

192-223 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

224-255 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

_ 

I  » - Airborne  ■»«©«««••  and  gu«t«  Crouad-alr-grouod  count 

*  1  -  Poaalblt  rotation  oc  bo* oca  landing  cooat* 

. . -  Tula*;  and  runway  count* 


Cumulative  damage 


—  —  Actual  load 
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■Raw  data  :  70V.  response  at  10Hz 


5s 


Filter  1 : .  70V.  response  at  6Hz 


Filter  3:  70V.  response  at  0.9 Hz 

Fig  5  Effect  of  frequency  bandwidth  on  Jaguar  fin  strain  measurements  during  low-level  flight 
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Fig  14  Sea  King  rapid  turn  from  rearwards  flight 


THE  F-15  FLIGHT  LOADS  TRACKING  PROGRAM 
J.  T.  Johnston 

Branch  Chief  -  Technology  -  Structural  Dynamics  and  Loads 
and 

R.  E.  Pinckert/Branch  Chief  -  Technology  -  Strength 
R.  A.  Melliere/Unit  Chief  -  Technology  -  Strength 
McDonnell  Aircraft  Company 
McDonnell  Douglas  Corporation 
P.0.  Box  516 ,  St*  Louis,  Missouri  63166 
USA 


SUMMARY 

The  F-15  flight  loads  tracking  program  is  a  vital  part  of  the  USAF  "Aircraft  Structural  Integrity 
Program  (ASIP)." 

The  tracking  program  consists  of  four  phases;  data  collection,  data  reduction,  fatigue  damage 
analysis,  and  fleet  management.  Data  collection  Is  accomplished  with  a  multi-channel  recorder  and  a  load 
factor  (g)  exceedance  counter*  Twenty  percent  of  the  fleet  is  equipped  with  the  multi-channel  recorder 
and  every  F-15  has  a  g  exceedance  counter  Installed*  After  the  fleet  data  have  been  reduced  by  the  Air 
Force  it  is  sent  to  McDonnell  Aircraft  for  conducting  fatigue  damage  analyses*  Quarterly  "Service 
Aircraft  Fatigue  Estimate  (SAFE)"  reports  Inform  the  Air  Force  how  much  fatigue  life  has  been  expended  on 
each  aircraft*  These  reports  are  used  for  establishing  inspections  and  aid  in  fleet  management  of  the 
F-15  Eagles. 

This  mature  program,  approaching  1,000,000  flight  hours,  has  been  valuable  for  solving  in-service 
structural  problems,  understanding  why  the  problems  occurred,  developing  repairs,  and  for  redesign* 
Future  aircraft  design  will  also  benefit  from  this  Information* 

1.  INTRODUCTION 

The  F-15  flight  loads  tracking  program  is  an  on-golng  process  for  recording  flight  parameters  for 
operational  aircraft,  converting  those  parameters  Into  "airframe  load  forces"  applied  to  the  aircraft 
during  flight,  and  calculating  the  percentage  of  structural  fatigue  life  expended.  Through  ASIP,  the 
customer  can  evaluate  aircraft  mission  utilization  and  maintenance  scheduling  requirements. 

Specifically,  the  F-15  ASIP  is  a  comprehensive  plan  centering  around  four  important  objectives; 

o  To  establish,  evaluate,  and  substantiate  airframe  strength  and  durability  (structural  integrity)* 

o  To  assess  continuously  the  in-service  integrity  of  individual  airplanes  by  utilizing  operational 
usage  data* 

o  To  provide  a  basis  to  establish  logistic  support  and  aid  in  planning  future  aircraft  utilization 
(maintenance,  Inspection,  supplies,  rotation  of  airplanes,  and  system  phaseout). 

o  To  collect  usage  data  to  aid  in  development  of  improved  structural  criteria  and  methods  of 
design,  evaluation,  and  substantiation  for  future  aircraft  systems* 


The  first  of  the  above  objectives,  structural  integrity  was  attained  during  the  design,  test,  and 
development  phase  of  the  F-15.  The  F-15  Flight  Loads  Tracking  Program,  shown  in  Figure  1,  contributes 
directly  to  the  remaining  three  objectives* 
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Figure  1.  F«15  Flight  Loads  Tracking  Program 


2.  DATA  COLLECTION 


The  data  collection  phase  Is  one  of  the  crucial  parts  of  the  flight  loads  tracking  program  for  the 
remaining  phases  are  only  as  reliable  as  the  data  collected.  Since  the  establishment  of  service-life 
expectancy  is  dependent  on  the  accuracy  of  the  loads  spectrum  and  actual  aircraft  utilization,  the 
aircraft  requires  a  multichannel  recorder  system.  On  the  F-15,  data  is  collected  utilizing  a 
multichannel  Signal  Data  Recorder  Set  on  20  percent  of  the  fleet  and  a  load  factor  exceedance  counter 
recorder  on  100  percent  of  the  aircraft.  These  two  units  are  shown  in  Figure  2. 


Tape  Cassette  (Left)  Records  Twenty*Two  Flight  Data  Points  Gathered  by  the  Multichannel  Signal 
Data  Recorder  Set /SDRS  (Center).  The  Exceedance  Counter  Set  (Right)  Records  Positive  and 
Negative  "g”. 


Flgurs  2.  Signal  Data  Recorder  Sst  and  Exctsdancs  Counter  Recorder 


In  the  initial  design  phase,  MCAIR  conducted  trade  studies  to  determine  the  optimum  concept.  The 
loads  equations  for  all  major  structural  components  was  the  starting  point.  These  equations  defined  all 
the  flight  parameters,  control  surface  positions,  angles,  rates,  accelerations,  dynamic  pressures,  Mach 
numbers,  etc.  needed  for  design  of  the  airframe.  Then  through  regression  analysis,  data  was  deleted 
until  the  level  of  quality  results  dictated  the  number  of  data  required.  In  addition,  other  forms  of 
direct  measurements  were  investigated,  such  as  scratch  gages  and  uncaUbrated  strain  gager.  These  were 
deleted  after  consideration  of  the  environmental  conditions  that  exist  where  the  gages  would  be  placed 
and  the  reliability  of  such  instrumentation.  MCAIR  continues  to  study  the  optimum  method  of  obtaining 
flight  information  for  generating  loads  information.  To  date  the  F-15  approach  is  still  considered  to  be 
the  most  economical  and  reliable  method. 

The  SDRS  automatically  records  significant  flight  parameters  and  control  surface  positions.  A  total 
of  22  flight  parameters,  shown  in  Figure  3,  are  recorded  continuously.  Note  that  the  sampling  rates  (the 
times  a  parameter  is  recorded  per  second)  vary  depending  on  the  rate  of  change  a;d  importance  of  the 
parameter.  With  these  data,  loads  time  histories  can  be  computed  on  any  of  the  major  structural 
components.  Currently,  loads  are  generated  for  the  wings,  stabilators,  vertical  tails,  ailerons,  and  the 
forward  fuselage.  Other  locations  can  be  included  with  the  change  in  the  computer  program.  For  example, 
there  is  currently  a  change  in  progress  to  add  another  fuselage  station  to  the  program. 

The  SDRS  records  the  data  on  a  cassette  with  a  25-hour  recording  capability.  Documentary  data 
(flight  date,  mission  code,  aircraft  serial  number,  squadron  number,  and  weapon  identification)  is 
manually  entered  by  the  pilot  or  ground  crew  before  each  flight.  All  other  data  is  automatically 
recorded.  When  the  magnetic  tape  in  a  cassette  has  been  expended,  the  cassette  is  removed  by  the  using 
command  and  sent  to  Tinker  AFB  for  reduction. 

The  Exceedance  Counter  provides  individual  aircraft  load  factor  data.  It  consists  of  an 
accelerometer  transducer  located  near  the  aircraft's  nominal  center  of  gravity  and  a  counter  display 
unit.  The  transducer  continuously  measures  the  aircraft  normal  load  factor  while  the  counter  display 
unit  automatically  records  and  displays  the  number  of  times  the  aircraft  has  been  subjected  to  each  of 
seven  load  factor  levels;  three  negative  (-2,  -1,  0)  and  four  positive  values  (3,  4,  5,  6,  and  7..). 

Exceedance  Counter  readings,  together  with  flight  log  information,  are  recorded  manually  by  the 
using  command  after  each  flight.  The  forms  have  been  designed  in  such  a  way  that  they  can  be  read 
automatically  through  the  use  of  optical  scanning  equipment.  Completed  forms  are  sent  to  Robins  AFB  for 
data  reduction. 

The  mission  type  and  aircraft  gross  weight  affect  the  amount  of  damage  caused  by  a  given  load  factor 
occurrence.  Therefore,  flight  log  information  recorded  on  the  forms  includes  data  necessary  to  associate 
load  factor  occurrences  with  mission  type  and  average  aircraft  gross  weight.  The  combination  of  load 
factor  occurrences,  aircraft  gross  weight,  and  mission  type  for  a  given  flight  is  converted  to  percent  of 
fatigue  crack  growth  life  expended  during  the  "fatigue  damage  analysis  phase"  of  the  flight  loads 
tracking  program. 
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As  major  Aircraft  components  are  changed  they  are  recorded  by  the  using  command  and  the  records 
forvarded  to  Robins  ARB  for  data  reduction*  This  provides  the  way  to  monitor  the  fatigue  damage  on 
Individual  serialized  aircraft  components  vhlch  were  removed  for  repair  or  overhaul  and  Installed  on  a 
different  aircraft  or  on  the  opposite  side  of  the  same  aircraft* 


Signal  Source  Aircraft  Parameter 


Central 

Computer 


Unit  of  Sampling 

Measure  Rate/sec 


Exceedance 

Counter 

Automatic 
Flight  Control 
System 


Fuel  Gaging 
System 


Oats 

— 

__ 

Mission  Number 

— 

_ 

Aircraft  Serial  Number 

— 

— 

Squadron 

— 

_ 

Altitude 

ft 

1 

Velocity 

kts 

1 

Angle-of-Attack 

deg 

10 

Weapon  Count 

Item/Station 

1 

Vertical  Velocity 

ft/sec 

5 

Gunfire 

Rounds 

1 

Vertical  Acceleration 

0 

30 

Stabllator  Deflection  -  Right 

deg 

10 

Stabllator  Deflection  -  Left 

deg 

10 

Control  Augmentation 

System  (3  Axle) 

On-Off 

1 

Fuel  Quantity 

lb 

1 

Aileron  Deflection  -  Right* 

deg 

30 

Aileron  Deflection  -  Left* 

deg 

30 

Rudder  Deflection* 

deg 

10 

Speedbrake 

In-Out 

1 

Wheels 

Up-Down 

1 

Roll  Rate 

0/sec 

30 

Pitch  Rate 

0/sec 

15 

Yaw  Rate 

0/sec 

10 

Roll  Acceleration 

rad/sec2 

30 

Lateral  Acceleration 

0 

5 

Longitudinal  Acceleration 

0 

5 

Time 

sec 

1 

Total 

239 

*Trvwduc«ra  recording  pwamtMr*  w*r*  to  Cm  Aircraft  apociflcaity  for  tht  30 R 


Figure  3.  Flight  Parameters  Continuously  Recorded  on  SDR  Cassettes 


3.  DATA  REDUCTION 

Tinker  AFB  processes  the  SDRS  cassette  tapes  using  ground  playback  equipment  and  computer  programs. 
The  first  step  is  to  reformat  the  signal  data  into  engineering  units  and  transcribe  onto  a  computer 
compatible  magnetic  tape,  edit  nonsignificant  data  such  as  non-maneuvering  data,  and  Identify  erroneous 
data  such  as  malfunctioning  transducers*  The  compatible  tape  is  then  processed  through  an  IBM  computer 
using  the  F-15  Operational  Flight  Loads  Computer  Program  (OFLCP)  to  generate  the  applied  loads,  solve  for 
the  Internal  loads,  and  generate  stress  spectra  and  summary  tables  of  average  usage*  A  flow  diagram  of 
this  process  is  shown  in  Figure  4* 

Exceedance  Counter/flight  log  data  and  component  tracking  data  is  reduced  by  Robins  AFB  personnel. 
Optical  scanning  equipment  is  used  to  extract  data  from  the  forms.  The  Exceedance  Counter/flight  log 
data  is  then  checked  for  validity  and  arranged  into  a  fllght-by-flight  time  sequence  using  a  computer 
technique* 

Periodically  the  SDRS  data  reduced  by  Tinker  AFB,  and  the  Exceedance  Counter /flight  log  data  and 
component  tracking  data  reduced  by  Robins  AFB,  is  sent  to  McDonnell  Aircraft  Company  for  fatigue  damage 
analysis* 
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4.  FATIGUE  DAMAGE  ANALYSIS 

The  F-15  fatigue  damage  analysis  involves  determining  how  touch  aircraft  fatigue  crack  growth  life 
has  been  expended  by  the  wear  and  tear  of  day-to-day  missions*  Initial  flaws  are  assumed  to  exist  at 
critical  locations  throughout  the  aircraft*  The  flaw  growth  is  tracked  using  analysis  spectra  developed 
from  SDRS  data  and  Exceedance  Counter/flight  log  data  together  with  the  Contact  Stress  crack  growth  model 
of  Dill  and  Saff  (Reference  1)*  The  Contact  Stress  model  accounts  for  residual  stresses  caused  by  peak 
overloads  and  for  crack  growth  retardation  caused  by  crack  tip  plasticity  and  subsequent  crack  closure 
stresses*  The  fraction  of  crack  growth  life  expended  (the  accumulated  damage)  is  expressed  as  a  crack 
growth  damage  index,  where  a  damage  index  of  1  indicates  that  the  assumed  initial  flaw  is  predicted  to 
have  propagated  to  its  critical  crack  size  in  the  structure.  Damage  estimates  for  16  locations  (Figure 
5)  on  each  aircraft  are  made  using  a  computer  program  which  determines  and  totalizes  the  damage  for  each 
maneuver.  This  is  accomplished  using  stress  spectra  developed  from  Exceedance  Counter  and  SDRS  data* 

For  locations  which  have  a  primary  relationship  to  vertical  load  factor,  (Nz),  e.g. ,  inner  wing 
locations  spectra  are  developed  from  Exceedance  Counter  data  available  on  a  f light- by-f light  basis  from 
the  flight  log  forms  reduced  at  Robins  AFfi.  Each  recorded  load  factor  is  converted  to  a  stress,  based  on 
the  mission  type  and  aircraft  gross  weight  for  the  mission.  The  conversion  from  load  factor  to  stress  is 
based  on  stress/load  factor  relationship  developed  from  SDRS  data.  A  representative  stress  spectrum 
developed  from  Exceedance  Counter  data  for  each  flight  is  shown  in  Figure  6.  The  highest  load  factor  Is 
coupled  with  the  most  negative,  and  the  next  highest  with  the  next  lovest,  etc*  After  using  up  all 
negative  occurrences,  the  remaining  positive  occurrences  are  coupled  with  a  preset  stress  level  repre¬ 
sentative  of  a  1.0  g  occurrence*  Similar  stress  spectra  for  each  flight  are  then  processed  through  the 
damage  computer  program  to  calculate  incremental  crack  growth  damage  for  the  flight* 

For  locations  which  do  not  have  a  primary  relationship  to  Nz,  e.g*,  aileron  backup  structure  crack 
growth  damage  is  determined  using  flight  log  and  Exceedance  Counter  data  supplemented  by  average  damage 
rates  obtained  using  SDRS  data* 

Damage  for  individual  removable  aircraft  components  is  tracked  with  the  aid  of  component  tracking 
information  reduced  by  Robins  AFB*  Damage  accumulation  estimates  are  updated  and  reported  quarterly  to 
the  Air  Force  by  McDonnell  Aircraft  Company  for  each  operational  F-15  aircraft. 
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Figure  S.  Fatlgu*  Critical  Location*  Tracked  Directly  Ualng  SDRS  end 
Exceedance  Counter  Data 


Figure  ft.  Typical  Flight  Profile  Developed  From  Exceedance  Counter  Data 


5.  SAFE  REPORTS 

Quarterly  Service  Aircraft  Fatigue  E8tloate  (SAFE)  reports  are  processed  by  McDonnell  Aircraft 
Company  and  submitted  to  the  USAF  to  inform  them  as  to  how  much  crack,  growth  damage  has  accumulated  on 
each  aircraft  in  the  fleet-  The  SAFE  reports  present  summary  tables  listing  the  damage  indices  and 
inspection  projections.  Crack  growth  damage  indices  are  calculated  fir  44  locations  on  each  aircraft. 
The  44  locations  include  the  16  direct  locations  identified  in  Figure  5,  for  which  spectra  are  available 
from  SDRS  and  Exceedance  Counter  Data,  plus  28  adjacent  locations.  Crack  growth  damage  Indices  for  the 
28  adjacent  locations  are  obtained  from  the  16  direct  locations  through  the  use  of  transfer  functions 
which  relate  damage  at  the  adjacent  locations  to  damage  at  the  direct  locations.  Figure  7  presents  en 
example  listing  of  a  SAFE  report  damage  index  table  for  the  16  direct  locations.  Damage  indices  are 
ll8ted  for  the  current  quarter  (previous  3  months)  as  well  as  cumulative  to  date.  Inspection  projections 
for  each  aircraft  are  made  on  the  basis  of  the  individual  damage  index  for  each  location  and  an  assumed 
damage  accumulation  rate.  For  projecting  inspections  at  a  given  tracked  location  on  a  given  aircraft, 
the  average  damage  accumulation  rate  for  that  location  and  average  flight  rate  for  the  squadron  are 
asssumed.  Inspection  projections  for  each  aircraft  and  location  are  listed  in  the  SAFE  reports  as  shown 
in  Figure  8. 
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Figure  7.  Salt  Rsport  Example  -  Damaga  Indax  Summaries 
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Figure  8.  Safa  Report  Example  -  Inspection  Projections 


6.  SOLUTION  OF  IN-SERVICE  PROBLEMS 

The  SDRS  data  is  also  used  frequently  to  assist  in  solving  F-15  structural  problems  that  occur 
in-service.  Based  on  SDRS  data,  engineering  analyses  can  be  performed  to  determine  why  cracking  occurred 
in-service,  and  to  determine  how  a  retrofit  or  design  change  should  be  implemented  to  prevent  similar 
problems  in  the  future. 

The  following  examples  of  how  SDRS  data  was  used  to  solve  in-service  problems  show  how  very 
important  the  information  is  in  assessing  fleet  usage  and  in  performing  fatigue  analyses  of  the  F-15: 

o  Upper-Inner  Wing  Skin  Buckles  -  SEtRS  analyses  of  wing  bending  and  torsion  provided  information  to 
determine  the  cause  of  upper-inner  wing  skin  buckling.  As  a  result,  skins  were  beefed-up  on 
future  models,  and  a  caution  notice  was  published  warning  the  pilots  about  excessive  overloading 
of  the  airplanes.  An  aural  Overload  Warning  System  has  since  been  developed  to  warn  the  pilot  of 
an  approaching  overload  condition. 

o  Vertical  Tail  Buffet  -  SDRS  data  was  used  to  define  the  angle-of-attack  where  unsteady  flow  from 
the  wing  impinges  upon  the  vertical  tail  and  results  in  fin  buffet  (Figure  9).  After  performing 
loads  and  fatigue  snalyses  and  conducting  tests,  changes  in  the  upper  vertical  tail  design  were 
made  to  reduce  the  probability  of  structural  cracking. 

o  Upper-Outer  Wing  Buffet  -  Analyses  of  upper-outer  wing  skin  cracking  were  performed  using  SDRS 
data  as  a  basis.  The  primary  cause  of  the  cracking  was  the  environment  resulting  from  local  flow 
separation.  Design  changes  based  on  fatigue  analyses  and  tests  have  since  been  made  to  the 
upper-outer  wing  skin  and  some  wing  ribs. 
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Figure  9.  Vtrtlcai  Tall  Buffat 


7.  FLEET  MANAGEMENT 

One  of  the  objectives  of  the  F-i5  flight  loads  tracking  program  is  to  aid  in  fleet  management.  This 
is  accomplished  in  two  ways: 

o  Usage  data  provides  the  means  to  assess  effects  on  remaining  fatigue  life  when  a  new  mission  lo 
dictated  for  all  or  part  of  the  fleet. 

o  Usage  data  provides  the  means  to  assess  effects  on  remaining  fatigue  life  when  a  new  mission  la 
dictated  for  all  or  part  of  the  fleet. 

o  The  quarterly  SAFE  reports  Identify  to  the  Wing  Commander  and  the  System  Manager  (Robins  AFB)  by 
tail  number  how  much  crack  growth  life  has  been  consumed  by  prior  flight  history.  The  Wing 
Commander,  at  his  discretion,  can  schedule  his  aircraft  missions  to  even  out  crack  growth  life 
consumption.  This  may  Involve  reassignment  of  an  aircraft  to  missions  where  the  usage  is  less 
strenuous.  The  Wing  Commander  will  also  be  able  to  schedule  major  compliance  more  effectively. 
Similarly,  the  System  Manager  can  use  the  damage  Indices  to  schedule  aircraft  for  Analytical 
Condition  Inspections  (ACI).  The  SAFE  report  inspection  projections  arc  used  to  tailor  the 
fleetwlse  fatigue  inspections  for  critical  areas  to  the  usage  of  each  Individual  aircraft.  The 
Inspection  manuals  are  updated  quarterly  to  list  those  aircraft  and  those  locations  that  are  due 
for  inspection  during  the  next  calendar  year. 

8.  FUTURE  DESIGN 

The  flight  measured  loads  data  collected  in  the  F-15  and  in  other  fighters  flight  loads  tracking 
programs  will  be  of  considerable  help  in  establishing  requirements  for  future  fighter  designs.  In  1969 
when  the  F-15  requirements  were  established,  we  had  only  limited  load  factor  data.  Now,  we  have  an 
understanding  of  the  relationship  between  pitch-roll-yaw  at  speeds,  altitudes,  and  gross  weights  for 
different  missions.  The  next  USAF  fighter  will  benefit  from  this  information. 
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Load  measurements  were  carried  out  on  an  NF-5A  aircraft  instrumented  with  a  large  number  of  strain 
gage  bridges  in  the  wing  and  the  tail  surfaces. 

Measurements  Included: 

*  Specific  stationary  manoeuvres 

*  Specific  dynamic  manoeuvre  conditions 

*  Complete  mission  segments  typical  for  RNLAF-operational  conditions. 

Using  ground  calibration  results,  recorded  strains  were  converted  to  sectional  loads  and  with  flight 
parameters  like  V,  H,  acc.  etc.  stored  in  a  Structural  Load  Data  Base  (15  flights  covering  7  configurations 
and  715  measuring  runs).  By  means  of  an  interactive  computer  program  the  data  stored  in  this  data  base  are 
easily  accessible.  The  results  can  be  presented  in  tables  or  in  graphical  form. 

The  Data  Base  may  be  used  to  evaluate  the  effect  of  changes  in  operational  procedures,  stores  and  store 
configurations  on  the  fatigue  load  experience  in  various  structural  areas. 

The  paper  gives  a  general  description  of  the  instrumentation  used,  the  data  handling  and  the  flight 
conditions  that  were  recorded. 

The  possible  use  of  the  data  base  is  illustrated  by  means  of  a  number  of  examples. 

1.  INTRODUCTION 

In  the  design  of  modern  fighters  fatigue  is  an  important  item.  Based  on  a  number  of  design  assumpt¬ 
ions  with  respect  to  usage  and  loading  environment  a  crack  free  service  life  has  to  be  determined.  More 
recently,  the  damage  tolerance  concept  has  been  introduced,  in  which  inspection  intervals  have  to  be 
determined  in  such  away  as  to  find  a  growing  crack  before  it  becomes  critical.  During  the  life  of  a 
fighter  the  usage  and  loading  environment  may  change  because  of  changes  in  role  or  tactics.  This  has  also 
been  experienced  with  the  NF-5  aircraft  and  for  this  reason  a  load  monitoring  system  using  counting 
accelerometers  has  been  active  since  several  years.  One  of  the  disadvantages  of  the  counting  accelerometer 
is  that  no  information  is  collected  about  the  sequence  of  the  load  peaks.  Furthermore,  the  actual  strain 
in  a  fatigue  critical  part  is  dependent  on  load  factor  and  other  quantities  such  as  total  mass  and  mass 
distribution. 

Main  goal  of  the  presently  described  flight  program  was  to  get  more  information  about  wing  loads  and  the 
load  distribution  over  the  wing. 

Of  special  interest  is  the  correlation  between  load  factor  and  strain  at  critical  locations.  Sectional 
loads  have  been  calculated  from  recorded  strains  for  four  wing  sections. 

In  addition,  strain  histories  in  some  fatigue  critical  locations  were  recorded. 

Besides  loads  of  the  wing,  vertical  and  horizontal  stabilizer  loads  have  been  measured  in  the  program. 

In  the  flight  program  a  large  number  of  measuring  runs  have  been  recorded  during  15  flights.  Besides  the 
normally  used  mission  segments  in  the  operational  task  of  the  NF-5  a  large  number  of  specially  prescribed 
manoeuvres  have  been  flown.  After  data  processing  and  convertion  to  engineering  units  the  information  has 
been  stored  in  a  data  base,  which  is  available  for  further  analysis.  In  chapter  2  the  instrumentation 
will  be  presented,  whereas  in  chapter  3  the  data  processing  will  be  discussed. 

The  flight  program  and  application  of  the  data  base  will  be  presented  in  chapter  4  and  5  respectively. 

2.  INSTRUMENTATION 

In  order  to  be  able  to  do  various  flight  trials,  including  e.g.  certification  of  new  external  stores, 
one  NF-5A  of  the  RNLAf  has  been  equiped  as  a  test-aircraft,  figure  1.  This  equipment  includes  an  extensive 
instrumentation  package.  In  addition,  an  "Instrumented  wing"  is  available,  which  was  mounted  to  the  test 
aircraft  for  the  presently  reported  measurements. 

During  manufacturing  of  the  wing  at  Canadair  a  large  number  of  strain  gage  bridges  have  been  in¬ 
stalled.  Further  an  instrumented  boattall  with  strain  gage  bridges  in  the  horizontal  stabilizer  was 
available  and  has  replaced  the  original  one. 

For  measuring  loads  on  the  vertical  stabilizer  strain  gage  bridges  have  been  installed  by  NLR. 

The  total  instrumentation  package  used  for  the  present  measurements  can  be  divided  into  the  following 
groups: 

-  Basic  instrumentation 

-  Strain  gage  bridges  at  wing,  horizontal-  and  vertical  stabilizer 

-  Instrumentation  to  check  the  quality  of  the  recordings 

Full  listing  of  the  recorded  parameters  is  presented  in  table  1. 

2.1  Basic  instrumentation  package 

From  the  available  instrumentation  in  the  NF-5A  test  aircraft  a  selection  has  been  made  in  order  to 
measure  the  aircraft  movement,  attitude  and  configuration  of  the  aerodynamic  controls.  The  movement  and 
attitude  of  the  aircraft  is  defined  by  speed,  altitude,  three  linear  accelerations  and  three  attitude 
angles.  The  aerodyamic  configuration  of  the  aircraft  is  defined  by  the  position  of  the  control  surfaces. 


3-2 


2.2  Strain  gags  bridge  Instrumentation 

The  so  called  "Instrumented  wing"  has  been  supplied  with  a  large  number  of  strain  gages  and  associ¬ 
ated  wiring  during  manufacturing  of  the  wing  at  Candalr  Montreal.  The  strain  gages  were  situated  In  four 
wing  sections,  namely  32  LH,  32  RH,  68  RH  and  104  RH,  see  figure  2.  The  strain  gages  were  manufactured  by 
Baldwin.  By  Internal  wiring  full  bridges  with  four  active  strain  gages  were  made.  In  most  cases  the 
bridges  are  located  two  by  two  giving  prime  and  spare  bridges.  Further  the  configuration  of  the  bridges  Is 
such  that  some  bridges  are  especially  sensitive  to  vertical  shear  force,  others  to  bending  moment  or 
torsion  moment  In  the  wing,  see  figure  3.  In  addition  two  half  bridges  have  been  Installed  by  KLR  at  wing 
section  11  LH.  The  location  of  one  of  these  bridges  has  also  been  used  In  strain  measurements  during 
actual  operational  flight  with  an  NF-5.  These  bridges  were  manufactured  by  THL.  In  total  63  bridges  were 
available  In  the  wing.  In  the  present  program  the  output  of  40  strain  gage  bridges  was  recorded, 
respectively  2  at  WS  11,  10  for  both  Inboard  wing  stations  and  9  for  both  outboard  stations.  In  the 
Instrumented  boattall  a  total  number  of  22  full  bridges  was  available.  For  the  present  program  It  was 
decided  to  use  one  bending  and  one  shear  force  bridge  in  both  the  LH  and  RH  horizontal  stabilizer.  The 
purpose  of  using  the  output  of  these  bridges  was  to  get  an  Impression  of  the  loading  environment  of  the 
horizontal  stabilizer  during  the  different  measurements. 

In  this  case  again  Baldwin  gages  have  been  used. 

The  last  grouo  of  strain  gage  bridges  are  located  at  the  vertical  stabilizer.  These  bridges  have  been 
Installed  by  NLR  using  strain  gages  manufactured  by  TML.  Besides  one  bending-  and  one  torsion  bridge, 
which  were  full  bridges,  also  three  half  bridges  have  been  used  near  the  fin  skin  fillet  radius.  This  Is 
one  of  the  points  of  concern  In  the  structure  of  the  NF-5  with  respect  to  fatigue. 


2.3  Instrumentation  to  check  the  quality  of  the  recordings 

For  this  purpose  four  channels  have  been  used.  Besides  three  channels  for  monitoring  the  supply 
voltages  (10.2  V)  of  the  strain  gage  bridges  In  wing  and  stabilizers  on  one  channel  a  trapezium  shaped 
signal ,  which  is  generated  continuously  was  recorded. 

Further,  two  temperature  sensors  were  installed  at  the  lowe>-  and  upper  skin  of  the  LH  wing  at  wing 
station  75. 


2.4  Signal  conditioning  and  recording  Instrumentation 

Signal  conditioning  consisted  of  signal  filtering  and  signal  amplification.  For  the  strain  gage 
bridges  analog  20  Hz  filters  were  used  with  a  decrease  In  sensitivity  of  12  dB/octave  for  higher 
frequencies.  For  the  acceleration  signals  5  Hz  filters  with  a  decrease  in  sensitivity  of  24  dB/octave  have 
been  used. 

Data  were  recorded  by  a  PCM  (Pulse  Code  Modulation)  recorder  on  a  16  track  magnetic  tape  with  a  width  of 
one  Inch.  The  PCM  recorder  has  been  manufactured  by  Radix  Telemetry  Corporation  and  has  the  capability  of 
recording  up  to  72  channels  with  a  sample  rate  of  138  times  per  second  per  channel.  The  word  length  of  the 
system  Is  10  bits. 


3.  DATA  PROCESSING  AND  GROUND  CALIBRATION 

In  this  chapter  the  data  flow  will  be  described  shortly  from  recording  on  the  PCM  recorder  until 
storage  of  the  data  In  a  data  base.  Data  reduction  Is  very  Important  In  order  to  reduce  computer  time  and 
permanent  file  costs  In  the  subsequent  data  processing  and  analysis  of  the  measurements  In  the  future. 


3.1  Data  processing 

In  figure  4  the  data  flow  Is  presented. 

In  the  program  no  continuous  recording  Is  performed.  Before  each  measuring  run  the  pilot  had  to  switch  the 
PCM  recorder  on.  Without  any  data  reduction  the  total  amount  of  data  should  be  very  hard  to  handle  and  the 
computer  time  needed  will  be  high.  Therefore  data  reduction  was  very  Important.  The  different  steps  In  the 
data  flow  will  be  explained  shortly. 

After  each  flight  the  PCM  tape  was  removed  from  the  aircraft  and  traces  were  made  by  means  of  a  quick  look 
facility  of  the  following  parameters:  vertical  acceleration,  speed,  altitude,  flaps/event  marker,  PCM  test 
signal  and  the  3  monitor  bridges  for  the  power  supply  of  the  strain  gaoe  bridges.  This  quick  look  plot  was 
used  by  pilot  and  project  engineer  for  checking  the  quality  of  the  recordings  and  In  order  to  judge  If  the 
objectives  at  the  different  runs  has  been  met.  If  so  the  PCM  tape  was  sent  to  NLR. 

As  a  first  step  the  PCM  tape  was  converted  to  computer  compatible  tape  for  the  NLR  Cyber  computer.  At  the 
same  time,  time  histories  were  made  of  the  parameters:  vertical  acceleration,  altitude,  speed,  flaps/even 
marker,  temperature  lower  skin,  one  bending  bridge  of  wing  station  11,  horizontal  stabilizer  LH  and  ver¬ 
tical  stabilizer.  The  plots  included  more  parameters  and  were  of  much  better  quality  than  the  Quick  Look 
plots  mentioned  earlier.  Along  the  X-axis  a  time  scale  was  presented  using  framecount  numbers.  Reference 
lines  on  the  plot  made  measurement  of  the  magnitude  of  the  various  signals  possible.  The  project  engineer 
selection  from  this  plot  the  relevant  parts  of  each  run  for  further  data  processing.  From  the  original 
recorded  data  of  229  minutes  a  reduction  to  91.5  minutes  was  reached.  At  the  same  time  the  sample  frequency 
of  the  PCM  recorder  was  reduced  with  a  factor  of  four  to  35  times  per  second.  This  sample  rate  was  con¬ 
sidered  sufficient  as  structural  responses  In  modes  with  frequencies  above  5  Hz  were  expected  to  be 
negligible.  The  next  step  In  the  data  processing  was  performed  by  a  computer  program  called  "LOADMES". 

This  program  performed  a  convertion  to  engineering  units  for  all  parameters.  Also  for  each  sample  the 
total  mass  of  the  aircraft  was  calculated.  This  parameter  was  not  recorded,  therefore  the  pilot  made 
recordings  by  hand  of  the  fuel  consumption  at  the  end  of  each  measuring  run. 

Also  the  take  off  mass  of  the  aircraft  was  known.  By  linear  Interpolation  between  the  “measu  Ing  points" 
the  Instantaneous  mass  of  the  aircraft  has  been  calculated.  Further  the  computer  program  calculated  the 
sectional  quantities  as  moments  and  forces  for  the  wing  and  stabilizers  using  the  output  of  the  strain 
gage  bridges.  The  relations  between  strains  and  sectional  loads  have  been  determined  in  ground  calibration 
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tests  which  w:11  be  discussed  In  chapter  3.2.  More  details  of  these  calibrations  are  presented  later. 

A  third  data  reduction  was  achieved  by  decreasing  the  number  of  parameters  to  38.  It  was  decided  to  store 
In  the  data  base  for  the  four  main  wing  stations  only  the  derived  shear  force,  bending  moment  and  torsion 
moment,  rather  than  the  output  of  all  the  Individual  strain  gage  bridges.  For  the  vertical-  and  horizontal 
stabilizers  the  same  approach  has  been  taken.  In  total  only  three  strains  are  stored:  namely  two  at  wing 
station  U  and  one  near  the  critical  radius  of  the  vertical  stabilizer. 

Also  the  monitoring  bridge  signals  and  the  PCM  test  signal  were  deleted  from  the  data  base  as  they  only 
served  to  ensure  data  quality  In  earlier  steps.  In  table  2  the  resulting  list  of  parameters  which  are 
stored  In  the  data  base  for  each  sample  Is  presented.  The  total  amount  of  data  actually  stored  Is  only 
5  percent  of  originally  recorded  data. 

It  should  be  mentioned  here  that  the  original  PCM  tapes  are  kept  In  the  archives  of  NLR. 

If  necessary  the  Information  can  be  made  available  for  research  In  the  future. 

3.2  Ground  calibration 

For  calibration  of  the  strain  gage  bridges  In  wing  and  stabilizers  ground  tests  were  performed.  By 
actually  loading  the  aircraft  structure  relationships  between  the  output  of  the  strain  gage  bridges  and 
sectional  quantities  as  shear  force,  bending-  and  torsion  moments  could  be  derived. 

For  the  wing  an  extensive  ground  calibration  has  been  performed  at  the  NLR  facility  In  the  North  East 
Polder.  The  wing  box  structure  was  loaded  by  pulling  down  the  center  section  of  the  wing  by  a  hydraulic 
clllnder  on  two  columns  with  pads,  which  were  placed  symmetrically  at  left  and  right  hand  side  under  the 
wing.  Symmetrical  loaalr.g  over  both  columns  was  ensured  by  a  substructure  connected  to  the  four  attach¬ 
ment  points  of  the  wing,  which  allowed  free  "rolling*  of  the  wing,  see  figure  5.  Loads  have  been  applied 
at  48  loading  points  using  combinations  of  roughly  6  wing  stations  and  7  chord  wise  positions,  see 
figure  6.  After  Installation  of  the  wing  on  the  aircraft  an  additional  limited  ground  calibration  was 
performed  using  less  loading  points. 

The  measured  relations  between  strain  bridge  outputs  and  known  applied  sectional  loads  were  used  to 
derive  "best  fit"  equations  to  calculate  sectional  loads  from  strains.  As  an  example,  table  3  gives  the 
derived  coefficients  for  one  wing  station. 

For  the  vertical  stabilizer  a  ground  calibration  was  performed  using  a  substructure  which  loaded  the 
central  spare  area  with  a  compression  force  and  at  the  same  time  the  upper  rudder  hinge  with  a  tension 
force.  In  this  way  reaction  forces  on  the  calibration  rig  were  kept  small.  Both  forces  could  be  applied 
simultaneously  by  one  compression  force  op  the  substructure.  In  total  9  loading  points  have  been  used. 

Three  of  them  Introduced  pure  bending,  four  pure  torsion  and  two  combinations  of  bending  and  torsion 
at  loading  points  similar  to  Northrop  design  conditions.  As  a  result  coefficients  for  calculating  the 
sectional  quantities  from  the  recording  strains  were  found.  It  was  found  that  for  smaller  bending 
moments  a  large  part  of  the  bending  moment  was  transferred  by  the  attach  angles  and  formers  Into  the 
fuselage.  The  same  had  been  observed  In  similar  measurements  carried  out  by  the  CAF  In  Canada. 

For  the  horizontal  stabilizer  the  ground  calibration  was  performed  by  loading  the  stabilizer  by  means 
of  a  pad.  Loads  have  been  applied  at  5  loading  points  at  left-  and  right  hand  stabilizer  using  3  stabilizer 
stations  and  3  chord  wise  positions. 

Again  coefficients  for  calculating  the  sectional  quantities  were  derived. 

4.  FLIGHT  PROGRAM 

The  main  purpose  of  the  present  program  was  to  get  more  knowledge  about  wing  loads  and  load  distri¬ 
butions  over  the  wing  of  the  NF-5  during  operational  RNLAF  usage  of  the  aircraft. 

The  load  and  load  distribution  Is  dependent  of  configuration  and  type  of  manoeuvre. 

So  the  flight  program  had  to  cover  the  configurations  and  manoeuvres  flown  In  the  annual  training  program 
of  the  RNLAF.  In  this  chapter  the  selection  of  configurations  and  manoeuvres  will  be  described  In  more 
detail. 

4.1  Selection  of  configurations 

In  general  a  store  Influences  the  loading  of  the  wing  In  the  following  ways: 
the  additional  mass  of  the  store  Increases  the  total  mass  of  the  aircraft  which  has  to  be  compensated  by  a 
larger  total  lift  force  on  the  wing.  Besides  this  overall  effect  the  store  loads  the  attachment  point  with 
a  point  load  due  to  Its  mass.  These  loads  In  combination  with  the  aerodynamic  drag  forces  may  deform  the 
wing  and  change  the  lift  distribution  over  the  wing. 

From  a  life  monitoring  program  using  counting  accerlometers,  the  normally  used  configurations  were  known. 

In  all  configurations  tlptanks  were  used. 

Three  configurations  covered  96  X  of  all  flights.  These  configurations  had  two  150  gallon  tanks  at  Inboard 
and  at  the  center  line  pylon:  none,  one  150  gallon  tank  or  a  rocket  bomb  dispenser.  Further  an  Increased 
usage  of  the  configuration  with  only  one  center  line  store  was  noticed.  In  order  to  make  It  possible  to 
compare  results  with  Northrop  flight  tests  with  the  NF-5A  aircraft,  the  configurations  with  only  5  pylons 
and  the  one  with  two  275  gallon  fuel  tanks  at  Inboard  pylons  had  to  be  taken  into  account. 

In  addition  two  more  "extreme"  configurations  were  used,  namely  the  light  clean  configuration,  no  pylons, 
and  a  very  heavy  one  with  stores  at  the  outboard  pylons. 

The  clear  configuration  may  be  used  as  a  reference  condition  for  presenting  the  Influence  of  stores.  Stores 
with  other  mass  configurations  may  be  simulated  by  chantng  the  fuel  quantity  In  the  tanks. 

In  table  4  the  whole  "range"  of  configurations  Is  presented. 

4.2  Selection  of  manoeuvres/flight  segments 

For  the  present  program  15  flights  were  available.  Taking  into  account  the  available  flight  time  for 
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each  configuration  and  the  "configuration  mix"  an  overview  of  measurements  to  be  flown  has  been  made,  see 
table  5.  A  number  of  groups  can  be  distinguished,  namely: 

*  1  (1-4)  A  few  measurements  which  were  made  for  each  flight.  From  the  "zero  g"  measurements  the 
reference  conditions  for  the  strain  gage  bridge  will  be  derived.  The  ground  runs  and  the  combination  of 
zero  and  one  of  runs  allow  checking  of  a  proper  function  of  the  strain  gage  bridges.  The  In  flight  runs 
were  made  at  10000  ft  with  a  velocity  of  400  KiAS. 

*  2  (5-20)  A  number  of  load  factor  values  were  measured  during  symmetrical  pull  up/push  over  manoeuvres 
and  turns.  Of  course  the  maximum  and  minimum  permitted  load  factors  are  dependent  of  the  configuration. 

As  can  be  seen  In  table  5  these  measurements  were  made  at  the  begin  and  the  end  of  a  flight  In  order  to 
study  the  Influence  of  fuel  consumption  on  the  load  distribution  over  the  wing.  Further  effects  of  con¬ 
figuration,  flap  position  and  load  factor  on  the  lift  distribution  over  the  wing  In  spanwlse  and  chordwlse 
direction  can  be  studied.  In  general  all  these  measurements  have  been  flown  at  10000  ft  with  a  speed  of 
400  KIAs.  In  a  few  cases  different  altitudes  and  speeds  have  been  used. 

*  3  (21-49)  Short  and  long  Inputs  of  aerodynamic  controls.  In  the  case  of  a  short  Input  the  stick  or  pedal 
force  Is  relieved  at  the  moment  that  the  maximum  deflection  has  been  reached.  With  these  measurements 
effectiveness  of  aerodynamic  control  and  the  resulting  loading  of  the  aircraft  as  a  function  of  con¬ 
figuration  and  mass  variation  can  be  studied.  The  same  altitude  and  speed  were  used. 

*  4  (50-65)  Measurements  were  made  during  a  number  of  flight  segments  which  are 

coitmonly  used,  such  as  taxi,  take  off,  landing  etc  for  the  different  configurations.  Also  a  few  more 
unusual  measurements  were  made,  such  as  Mach  run,  stalls,  Inverted  flight.  Further  side  slips  and  rudder 
rolls  were  flown.  These  manoeuvres  espclally  load  the  vertical  stabilizer. 

*  5  (66-81)The  last  group  of  measurements  consist  of  relevant  RNLAF  flight  segments  such  as  simulated 
attacks,  range  passes,  basic  fighter  manoeuvres  and  air  combat  engagements.  For  those  measurements  only 
the  normally  used  configurations  were  taken. 

The  whole  set-up  of  the  program  Is  such  that  the  measurements  In  group  2  and  3  can  be  used  for  ana¬ 
lysing  those  in  groups  4  and  5.  The  whole  program  consisted  of  715  measuring  runs,  that  were  distributed 
over  15  measuring  flights.  In  table  6  an  example  is  given  of  a  detailed  program  for  one  flight. 


5.  USE  OF  THE  DATA  BASE 

As  mentioned  In  previous  chapters  all  flight  data  have  been  stored  In  a  data  base  after  data  reduction 
and  conversion  to  engineering  units  on  a  “per  run"  basis.  In  the  data  base  the  data  pertaining  to  a  run  is 
preceded  by  a  so  called  run  Information  block  which  includes  data  like  flight-  and  run  number,  date  of 
flight  and  configuration. 

The  most  simple  form  of  data  presentation  is  a  direct  printout  of  the  data  of  one  sample,  see  table  2. 

Time  differences  between  succeeding  samples  can  be  easily  changed.  The  smallest  time  differences  Is  about 
0.03  sec.  Besides  this  printout  various  types  of  plots  can  be  made  using  an  Interactive  computer  program. 
Besides  time  histories  also  "cross"  plots  of  one  parameter  against  another  can  be  made. 

Of  course,  the  scale  of  a  plot  can  be  easily  adjusted,  and  windowing  of  a  plot  Is  possible.  Some  examples 
are  given  in  the  figures  7-9.  In  figure  7  and  8  a  few  time  histories  are  shewn. 

In  figure  9  a  cross  plot  of  load  factor  against  bending  moment  Is  presented.  Interesting  Is  the  large 

variation  In  the  "bending  moment  per  g"  relation,  especially  In  the  range  from  1.5  till  3.5  g. 

A  plot  like  presented  In  figure  10  can  be  made  very  easily  with  the  Interactive  computer  program. 

Figure  10  shows  that  the  strain/g  relation  Is  dependent  on  the  airspeed. 

Since  It  became  available,  the  data  base  has  been  used  In  a  number  of  projects: 

*  In  the  first  project  an  estimation  has  been  made  of  the  fin  bending  moment  spectrum  of  the  NF-5  for 
RNLAF  usage. 

As  may  be  clear  from  chapter  4,  measurements  have  been  performed  during  typical  RNLAF  conditions.  An 
example  is  given  in  figure  11.  As  a  next  step  a  peak  between  means  counting  was  performed  on  the  bending 
moment  sequence  for  all  relevant  runs. 

This  resulted  in  spectra  per  mission  type  and  by  upscaling  the  resuls  to  the  actual  mission  mix,  which  was 
known  from  a  life  monitoring  program,  a  RNLAF  fin  bending  moment  spectra  was  "composed".  By  comparison 
with  the  real  spectrum  of  the  F-5E  full  scale  fatigue  test  an  estimation  of  the  crackfree  service  life 
could  be  made. 

*  In  a  second  project  a  study  has  been  made  of  the  Influence  of  higher  speed  on  the  loads  during  a 
"range"  mission.  In  figure  12  results  are  shown  for  a  dive  bombing  attack  using  different  Initial  speeds. 
Besides  higher  vertical  accelerations  which  were  experienced,  also  the  Influence  of  speed  on  the  bending 
moment  per  g  relation  Is  shown. 

*  At  the  moment  the  data  base  Is  used  for  determining  high  loading  conditions  In  the  RNLAF  operational 
usage. 

From  Northrop  load  envelopes  for  bending  and  torsion  moment  In  the  wing  are  known.  All  runs  in  the  data 
base  have  been  searched  for  exceedlngs  of  60  X  of  the  limit  load  envelope  for  the  four  wing  stations. 

An  example  Is  shown  In  figure  13  of  a  part  ACT  flying  and  the  loads  In  wing  station  32.  It  Is  Interesting 
to  note  the  variation  In  the  bending/torsion  moment  relation,  as  a  result  of  speed  variation. 
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TABLE  3 

The  coefficients  for  the  determination  of  the  load  components  at  wing  station 
104  RH  (NF-5  instrumented  wing) 


*  wlnq  chord 

18 

21 

24 

27 

40 

42 

66 

Brldqe  type 

Bendinq 

Shear 

Bendinq 

Shear 

Torsion 

Bendinq 

Shear 

PCM  channel 

49 

SO 

51 

52 

53 

54 

56 

Coefficient  for 
Shear  Force 

- 

-53.5 

3.8 

- 

13.5 

- 

-11.9 

Coefficient  for 
Bendinq  Moment 

-1.0 

- 

- 

-1.6 

4.4 

11.4 

- 

Coefficient  for 
Torsion  Moment 

-3.6 

- 

- 

9.2 

- 

5.7 

TABLE  4 

Configurations  in  flight  program 


conflg. 

code 

Configuration  ^ 

number  of 
flights 

Operational 
weight 
empty- > 
(lbs)  2) 

Average 

take-off 

weight 

(lbs) 

Eil 

1 

Clean 

1 

10356 

14802 

55 

2 

5  pylons 

one  150  US 
gallon  tank 
two  150  US 
gallon  tanks 
three  150  US 
gallon  tanks 
two  275  US 
gallon  tanks 

4 

10987 

15421 

4,3) 

3 

- 1  . 6  . 

2 

11134 

16632 

53 

6 

•  1  1  5  1  1  • 

3 

11289 

17688 

55 

— 

*  1  4  ^4  1  * 

,  Cb  , 

3 

11436 

18870 

60 

M 

'666** 

1 

11361 

18457 

140  3) 

• 1  *  '  *  ■  • 

V  A  t 

three  150  US 
gallon  tanks  + 
two  N-contalners 

1 

12869 

20284 

105 

'66066* 

all 

15 

63 

Note:  1)  all  configurations  have  tiptanks 
2  1  lb  =  4.448  N 

3)  Including  one  stop  for  refueling 
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TABLE  5 

Overview  of  measurements  in  flight  program 


measurement 


configuration  code 
configuration 


groundrun,  full/empty  tiptanks,  before  flight 

2  |  “  «  after  " 

3  cruise,  0  and  1  g  begin  flight 

*  ■  end  “ 


1  2  3  4  5  6  7 

»  ^  «  «i  iOn«  «i  iQr*  «i^i«  *'  A '* 


5  a  values,  symmetrical,  flaps  up,  begin  flight 

6  ■  “  ■  down,  “  “ 

7  11  “  flaps  up,  end  flight 

8  ■  “  “  down ,  “  " 

9  g  values,  turn  flaps  up,  begin  flight 

10  “  “  down,  “ 

11  »  11  flaps  up,  end  flight 

12  “  "  11  down,  "  “ 

13  g  values,  symmetrical ,  flaps  up,  V+H  variation 

14  “  “  ”  down,  “  “ 

15  q  values,  turn  flaps  up,  V+H  variation 

16  ■  “  “  down,  n 

17  g  values,  symmetrical,  flaps  up  begin  flight 

18  "  ’  «own|  af?erfue? 


19  g  values,  turn 

20 


flaps  up 


^Ln|  transfer 


elevator ,avj  t-  . 

it  »  n 


rudder,  A 


aileron,  A 


speedbrake. 


man-flaps,  J  l 

it  ii 

landing  gearJ  t- 


elevator  ,A. 

M  « 

rudder,  A  . 

N 

aileron,  A  . 

N 

speedbrake,  . 

II 

man-flaps,  . 


■v  «  \-r 


flaps  up,  begin  flight 
"  down,  11 
flaps  up,  end  flight 
“  down,  " 

flaps  up,  begin  flight 
"  down,  " 
flaps  up,  end  flight 
“  down,  “  " 

flaps  up,  begin  flight 
“  down,  “  " 

flaps  up,  end  flight 
"  down,  " 

flaps  up,  begin  flight 
"  down ,  "  " 

flaps  up,  end  flight 
"  down,  "  " 

begin  flight 
end  " 

flaps  down,  begin  flight 
"  "  end 

flaps  up,  V+H  variation 
“  down,  " 

flaps  up,  V+H  variation 
"  down,  "  “ 

flaps  up,  V+H  variation 
"  down,  11 

flaps  up,  V+H  variation 
"  down,  " 

V+H  variation 


50  taxi,  before  flight 

51  "  after  * 

52  take  off,  climb  till  nav.  speed 

53  approach,  landing 

54  full  stop  (+  drag  chute) 

55  climb  (+  AB) 

56  descend  (+  speedbrake) 

57  machrun,  ig ,  45000  -  12000  ft 

58  dynamic  overswing,  175  and  400  KIAS 

59  side  slip,  175  and  400  KIAS  (+  reverse) 

60  aileron  roll,  1  and  4  g 

61  rudder  roll,  1  and  4  g 

62  looping,  4  g 

63  1  g  stall,  flaps  up 

54  "  "  down 

65  Inverted  flight,  -1  g 


TABLE  5 

Overview  of  measurements  in  flight  program  (continued) 


\  configuration  code 
configuration 


66  glide  bombing,  400  and  480  KIAS,  5  and  10° 

67  rocketry,  400  and  480  KIAS,  20  and  30° 

68  dive  bombing,  400  and  480  KIAS,  45° 

69  store  separation 

70  negative  g  escape,  2S000  ft,  420  KIAS 

71  diving  spiral,  2  circles,  420  KIAS 

72  vertical  reverse,  t  70  KIAS  in  top 

73  high  speed  yoyo,  10000  ft 

74  split  S  (+  AB),  7  g,  15000  ft 

75  high  g  barrel ,  400  KIAS  (+  max  G) 

76  break  manoeuvre  (+  AB) ,  max  C, 

77  high  g  barrel  250  KIAS  L 

78  low  speed  yoyo 

79  part  ACT,  offensive,  defensive,  with  NF-5A 

80  part  yet  wash 

81  part  turbulence 


Remark:  measurements  3-12  and  17-40  made  at  10000  ft  with  400  KIAS 

TABLE  6 

Example  of  detailed  program  for  a  flight 


1  2  3  4  5  6  7 

,  ft  ,  r,  ,(•).  -  ..  Cy>,  „ ,  A  . ,  , ,  ft  ,  .  . 

■  '  I''  '*  i  <  4 1  ■"  1 4  J6  1  i 6 A 1  A  1  A 1  1  i'4  1 


Flight  [T]  in  flight  program 

A 

Configuration  [T]  • - 

1 — 5~ §  6 — r 

- •  Stores:  3x  150  gallon  tanks 

exercise/ 

measurement 


groundrun,  empty  tlptanks 
groundrun,  full  tlptanks 


cruise 

side  slip  +  reverse 
side  slip  +  reverse 
aileron  rol’ 
rudder  roll 
inverted  flight 
glide  bombing 
glide  bombing 
rocketry 
rocketry 
dive  bombing 
dive  bombing 
cruise 

g  values,  symmetrical 
g  values,  turn 
g  values,  symmetrical 
g  values,  turn 
g  values,  symmetrical 
g  values,  turn 
g  values,  symmetrical 
g  values,  turn 


groundrun,  empty  tlptanks 
grounJrun,  full  tlptanks 


run 

nr. 

Remarks 

2 

bef„. 1  flight 

3 

before  flight 

4-5 

6 

7 

8-9 

10-11 

12 

13,15 

at  range,  5  and  10° 

from 

14,16 

at  range,  5  and  10° 

pitch 

17,19 

at  range,  20  and  30° 

up 

21,20 

at  range,  20  and  30° 

thru 

22 

at  range,  45° 

reco- 

23 

at  range,  45° 

very 

?4-25 

26-28 

-0.5  1.0  3.0  - 

29 

-  -  3.0  - 

30-32 

-0.5  1.0  3.0  - 

33 

-  -  3.0  - 

34-36 

-0.5  1.0  3.0  - 

37 

-  -  3.0  - 

38 

5.0 

39 

5.0 

40 

after  flight 

41 

after  flight 

Fig.  8  Example  of  graphical  presentation. 

(Bending  moment  time  histories  at  different  wing  stations) 
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TYPE  OF  MEASUREMENT:  DIVING  SPIRAL 

CONFIGURATION:  S  PYLONS, 

2x  150  GALLON  TANKS  ' 

1  1  i’6  1  * 

Fig.  11  Time  history  of  fin  bending  moment 


Fig.  12  Time  histories  for  two  different  airspeeds 
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Fig.  13  Bending/torsion  moment  relation  variation  during  one  run 
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NAVY  OPERATIONAL  LOADS  DATA  SOURCES  AND  SYSTEMS 
A.  H.  JOHNSON 

Airframe  Engineering  Branch  Head  (Code  6042) 
Naval  Air  Development  Center 
Warminster,  PA  18974,  USA 

M.  J.  DUBBERLY 

Structures  Branch  Head  (Code  5302) 

Naval  Air  Systems  Command 
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Washington,  DC  20361,  USA 


The  counting  accelerometer,  together  with  Fleet  utilization 
data  and  load  surveys,  has  provided  the  U.S,  Navy  with  a 
means  of  monitoring  fatigue  life  for  most  of  the  current 
Fleet  aircraft.  The  more  complex  structural  design  features 
of  the  newer  aircraft  such  as  the  F-14  and  F-18  with  wider 
fuselages,  tail  augmented  roll,  swing  wings,  and  computerized 
flight  control  systems,  present  fatigue  monitoring  require¬ 
ments  that  cannot  be  accommodated  solely  with  a  single 
parameter  or  counting  accelerometer  monitoring  system. 

This  paper  will: 

1.  Provide  an  overview  of  the  Navy's  total  Aircraft 
Structural  Life  Surveillance  Program. 

2.  Present  the  current  Fatigue  Monitoring  Program 
operational  achievements  and  costs. 

3.  Describe  th*>  loads  data  acquisition  systems  for 
the  F-14,  r-18,  A-7,  and  A-3  aircraft. 

4.  Describe  the  tracking  programs,  results  to  date, 
and  discuss  future  expectations  regarding  opera¬ 
tional  features,  results,  and  costs. 

Operational  loads  data  from  the  Tactical  Air  Combat  Training 
System  for  air  combat  training,  and  the  70  nun  film  system  for 
landing  loads,  will  be  described. 


LIST  OF  SYMBOLS  AND  ACRONYMS 

-  Normal  acceleration  load  factor  at  aircraft  center-of-gravity  (CG). 

-  Unit  of  acceleration  equal  to  earth's  gravity. 

-  Center  of  gravity. 

-  Gross  weight. 

-  Field  carrier  landing  practice. 

-  Touch,  go,  and  bolter. 

-  Maintenance  Signal  Data  Recorder  Set. 

-  Airspeed. 

-  Altitude. 

-  Fuel  State. 

-  Aircraft  Structural  Life  Surveillance. 

-  Structural  Appraisal  of  Fatigue  Effects. 

-  Service  Life  Assessment  Program. 

-  Service  Life  Extension  Program. 

-  Tactical  Aircrew  Combat  Training  System. 

-  Engine  Monitoring  System. 
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INTRODUCTION 


This  paper  provides  an  overview  of  the  U.S.  Navy  Aircraft  Structural  Life  Surveil¬ 
lance  Program  (ASLS)  and  the  role  that  operational  aircraft  loads  data  acquisition  sys¬ 
tems  play  in  monitoring  the  structural  integrity  of  the  Fleet  aircraft.  The  focus  will 
be  on  systems  that  are  designed  to  provide  loads  spectrum  information  and  individual 
aircraft  fatigue  life  tracking  for  the  Navy's  Fleet  aircraft.  The  Fleet  is  currently 
composed  of  a  wide  range  of  aircraft  types  of  varying  ages  and  structural  complexity. 

The  loads  data  acquisition  systems  also  vary  in  complexity  from  the  counting  accelerom¬ 
eters  to  multiparameter  microprocessor  controlled  recorders. 

The  U.S.  Navy's  operational  aircraft  fleetwide  structural  life  surveillance  and 
management  efforts  are  carried  out  by  the  Naval  Air  System  Command's  ASLS  Program. 

This  program  is  composed  of  three  separate  subprograms  which  are: 

1.  Structural  Appraisal  of  Fatigue  Effects  (SAFE) . 

2.  Service  Life  Assessment  Program  (SLAP). 

3.  Service  Life  Extension  Program  (SLEP) . 

The  SAFE  Program  is  conducted  by  the  Naval  Air  Development  Center.  The  primary 
purpose  of  the  SAFE  Program  is  to  provide  individual  aircraft  tracking  to  maintain  cur¬ 
rent  fatigue  life  status  for  all  of  the  Navy's  fixed  wing  operational  aircraft.  Efforts 
are  currently  underway  to  expand  the  SAFE  Program  to  include  helicopters.  The  initial 
efforts,  addressing  the  SH-SO  and  CH-53,  are  expected  to  provide  multiparameter  tracking 
system  concepts  that  will  enable  fatigue  life  of  the  airframe  and  dynamic  system  compo¬ 
nents  to  be  tracked.  The  current  SAFE  Programs  are  predominantly  based  on  counting 
accelerometer  systems  which  are  not  bad  for  tracking  wing  structure,  but  they  don't 
provide  a  direct  measure  of: 

1.  Effects  of  altitude  and  airspeed  (especially  on  modern  aircraft) .  Figure  1 
illustrates  the  pronounced  effect  that  airspeed  and  altitude  have  on  the  F-18  wing  root 
bending  moment. 

2.  Effects  of  aircraft  weight  on  fatigue  damage. 

3.  Effects  of  load  sequence. 

4.  Effects  of  gusts  on  gust  sensitive  structure. 

5.  Fatigue  damage  on  structure  other  than  the  wing. 

These  effects  are  currently  accounted  for  by  SLAP  Program  efforts  such  as  flight  and 
ground  loads  surveys  conducted  in  the  operational  environment. 

The  SLAP  Program’s  primary  purpose  is  to  provide  an  accurate  picture  and  evaluation 
of  what  the  aircraft  are  actually  doing.  The  efforts  consist  of  engineering  studies, 

:  full  scale  fatigue  tests,  and  flight  and  ground  loads  spectrum  surveillance  work  needed 

to  address  current  structural  integ-ity  issues  which  generally  are  to  corroborate  design 
assumptions  and  supplement  results  of  the  individual  aircraft  fatigue  life  tracking 
programs.  Typical  SLAP  activity  would  be  operational  flight  loads  surveys  to  verify  or 
update  assumptions  made  to  obtain  aircraft  fatigue  life  status  using  single  parameter 
data  to  measure  usage  severity,  followed  by  fatigue  analysis  and/or  testing  to  evaluate 
the  airframe  in  its  measured  environment. 

The  SLEP  Program  efforts  are  directed  at  keeping  old  aircraft  around  longer.  These 
efforts  generally  consisc  of  major  structural  integrity  analysis,  test,  and  modification 
efforts  that  are  needed  specifically  to  extend  a  known  short  life.  Thus,  SLEP  assures 
structural  integrity  for  older  Fleet  aircraft  that  need  to  be  operated  beyor.d  their 
i  original  design  life.  Navy  policy  normally  doesn't  allow  any  aircraft  to  operate  beyond 

the  fatigue  life  substantiated  by  full  scale  test.  Since  the  Navy  designs  and  tests  to 
critical  points-in-the-sky  with  load  frequencies  that  are  commensurate  with  the  worst 
|  case  aircraft,  it  is  not  unusual  to  have  a  reserve  of  structural  life  left  after  the 

test-substantiated  flight  hour  limits  have  been  reached.  For  example,  a  review  of  the 
(  Navy  tactical  aircraft  has  shown  that  the  "average"  Fleet  aircraft,  in  terms  of  severity 

t  of  usage/flight  hour,  will  last  approximately  twice  the  test  demonstrated  flight  hours 

\  before  it  reaches  100%  fatigue  life  expended.  When  expressed  in  terms  of  system  life 

e  cycle  costs,  this  represents  an  enormous  savings  achieved  through  the  individual  aircraft 

{  tracking  (e.g.  SAFE)  program.  It  is  the  result  of  this  SAFE  Program,  supplemented  by 

i  SLAP  efforts,  that  provides  the  baseline  from  which  needed  SLEP  structural  modifications 

|  will  be  scheduled  and  implemented. 

|  A  profound  example  of  application  and  results  of  all  these  programs  is  the  Navy's 

{  aged  A-3  aircraft  which  has  been  subjected  to  extensive  SLEP  activity  to  allow  extension 

(from  an  original  design  life  of  3,000  hours  to  18,000  flight  hours.  This  newly  sub¬ 
stantiated  18,000  hour  life,  coupled  with  a  new  and  improved  fatigue  life  tracking 
program,  is  expected  to  allow  continued  operation  of  the  A-3  into  the  mid-1990's. 
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DISCUSSION  OF  THE  CURRENT  SAFE  PROGRAM 

The  current  fleetwide  fatigue  life  tracking  program  (e.g.  SAFE)  will  be  described  in 
more  detail  to  provide  a  base  line  for  assessing  the  new  systems  and  also  to  illustrate 
the  operational  features  that  will  carry  over  to  these  new  systems.  The  SAFE  Program 
provides  individual  fatigue  life  expended  values  and  rates  for  approximately  3,500  of 
the  Navy's  operation  l  fixed  wing  aircraft  consisting  of  about  55  different  model  con¬ 
figurations  with  differing  fatigue  requirements  and  concerns.  These  differences  are 
generally  accommodated  by  the  fatigue  damage  methodology  and  routines;  however,  some 
models  do  require  unique  variations  in  input,  output,  and  reporting  requirements.  The 
program  results  consist  of  fatique  life  expended  rates,  status,  and  other  life  limiting 
data  for  all  aircraft  wnich  are  compiled  and  published  quarterly  in  a  single  report.  A 
second  report  providing  statistical  evaluation  results  of  measured  usage  severity  is 
published  twice  yearly. 

The  SAFE  Program  typically  relies  on  counting  accelerometer  data  to  assess  flight 
maneuver  damage  whicn  is  combined  with  other  Fleet  utilization  data  to  establish  ground- 
air-ground,  catapult,  arrestment,  and  other  life  limiting  factors  needed  to  determine 
fatigue  life  status.  Figure  2  provides  a  flow  chart  that  depicts  the  basic  operations 
involved  in  running  the  SAFE  Program.  The  usage  severity  input  data  i3  received  on 
NAVAIR  Form  13920/1,  which"  is  depicted  in  Figure  3.  This  is  a  postcard-size  form  that 
is  used  to  manually  record  and  transmit  individual  aircraft  counting  accelerometer 
readings  to  the  Navrl  Air  Development  Center  for  processing.  At  100%  efficiency,  this 
would  amount  to  one  card  per  month  for  each  Fleet  aircraft.  This  data  is  manually 
edited  and  transcribed  via  a  keypunch  process  to  an  automated  quality  control  program. 
The  quality  control  program  evaluates  the  data  for  reasonableness  and  flags  any  data 
that  varies  from  expected  limits.  The  flagged  data  is  manually  accepted,  or  corrected 
and  accepted,  or  totally  rejected.  The  rejected  and  missing  data  is  replaced  with 
estimated  data.  The  counting  accelerometer  data  is  merged  with  the  Fleet  utilization 
data  for  individual  aircraft  fatigue  life  expended  and  status  determination.  This  com¬ 
puterized  process  provides  the  tables  needed  for  the  SAFE  quarterly  report.  The  content 
and  format  for  a  typical  SAFE  report  result  is  depicted  in  Figure  4. 


The  good  data  capt  ire  rate  for  this  program  has  stabilized  at  about  75%.  This  rela¬ 
tively  high  capture  rate  can  be  attributed  to  the  Fleet  liaison  letter  feature  which 
automatically  identifies  ai.J  prepares  a  letter  request  for  needed  corrective  actions. 
Implementation  of  this  feature  brought  the  good  data  capture  rate  up  from  below  50%  to 
the  current  75%. 


The  cost  of  maintaining  and  operating  the  SAFE  Program  currently  runs  about 
$1,000, 000/year.  This  breaks  down  to  abou'  $850,000  for  labor,  ;ith  the  remaining 
$150,000  required  for  materials  and  computer  costs.  The  SAFE  Program  currently  tracks 
about  3,500  aircraft,  so  this  cost  breaks  down  to  $285/aircraft/year.  There  are  some 
additional  costs  associated  with  Inis  program  that  must  be  considered  if  one  is  to  use 
it  as  a  basis  for  evaluating  the  new  multiparameter  tracking  programs.  These  costs  are 
for  the  SLAP  functions  such  as  flight  and  ground  loads  surveys  needed  to  establish  or 
verify  the  effect  of  assumptions  that  are  made  for  the  original  design  and  when  single 
parameter  data  is  used  for  fatigue  life  tracking.  The  current  expenditures  for  this 
work  average  about  $3,000,OLO/year.  The  total  will  then  establish  a  $4, 000, 000/year 
average  cost  for  SAFE  and  SLAP  work  that  applies  to  approximately  5,000  aircraft  or 
$800/aircraft/yoar.  These  figures  will  be  used  later  to  defire  the  expected  cost  impact 
of  the  new  more  complex  fatigue  life  tracking  systems. 
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Figure  4.  STRUCTURAL  FATIGUE  LIFE  PROGRAM  REPORT 
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I  NEW  STRUCTURAL  APPRAISAL  OF  FATIGUE  EFFECTS  (SAFE)  TRACKING  PROGRAMS 

i  Multiparameter  loads  data  acquisition  systems  to  provide  for  loads  spectrum  and 

fatigue  life  monitoring  will  be  included  as  a  requirement  for  all  new  Navy  aircraft 
i  procurement  and  major  modification  programs.  They  will  also  be  included  as  part  of 

i  some  life  extension  proorams,  particularly  when  adequacy  of  the  existino  fatigue  life 

tracking  program  is  in  question.  The  new  fatigue  life  tracking  programs  covered  in  this 
paper  are  for  the  F-18,  F-14,  A-7,  and  A- 3  aircraft.  The  F-18  loads  data  acquisition 
system  was  included  in  new  aircraft  procurement.  The  F-14  system  is  designed  for  retro¬ 
fit,  but  will  also  be  included  in  the  extensively  modified  F-14D  new  aircraft  procure¬ 
ment.  The  A-7  program  took  advantage  of  a  major  Engine  Monitoring  System  (EMS)  update 
to  piggyback  loads  data  acquisition  capability,  and  the  A- 3  loads  data  acquisition 
system  is  part  of  the  Service  Life  Extension  Program  (SI£P) .  These  aircraft,  and  the 
new  fatigue  life  tracking  programs,  provide  a  wide  range  of  requirements  and  complexity 
that  will  be  illustrative  of  the  kinds  of  options  that  are  currently  available.  These 
programs  when  implemented  will  be  tailored  to  operationally  fit  into  the  framework  of 
the  SAFE  Program. 


THE  F-18  FATIGUE  LIFE  TRACKING  PROGRAM 


V 
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The  F-18  operational  loads  data  is  obtained  by  the  Maintenance  Signal  Data  Recorder 
Set  (MSDRS)  installed  in  each  aircraft  during  manufacture.  The  MSDRS  is  a  cartridge 
type  wire  recorder  that  is  controlled  by  and  receives  signals  from  the  mission  computer. 
The  loads  data  signals  consist  of  readings  from  seven  strain  sensors,  four  flight  param¬ 
eters,  fuel  state,  and  stores  configuration.  The  operational  loads  data  is  only  part 
of  the  information  that  the  MSDRS  records  so  at  this  point  the  loads  data  is  intermingled 
with  other  data.  The  structural  loads  data  is  stripped  from  this  cartridge  and  merged 
with  other  flight  usage  data  by  a  ground  station  computer  to  produce  an  8-track  tape 
containing  complete  loads  data.  This  tape  is  mailed  to  the  Naval  Air  Development  Center 
for  loads  spectrum  and  individual  aircraft  fatigue  life  monitoring. 

The  F-18  loads  data  includes  strains  measured  at  seven  locations  chosen  to  provide  a 
measure  of  the  respective  components  primary  load.  These  strain  gage  locations  are 
illustrated  in  Figure  5.  The  measured  strains  and  parameters  are: 

o  Wing  Root  Strain 

o  Wing  Fold  Strain 

o  Left  Horizontal  Stabilizer  Strain 

o  Right  Horizontal  Stabilizer  Strain 
o  Left  Vertical  Stabilizer  Strain 
o  Right  Vertical  Stabilizer  Strain 
o  Forward  Fuselage  Strain 
o  Altitude 
o  Airspeed  'true) 
o  Normal  L  ad  Factor 
o  Roll  Rate 

o  Stores  Configuration 
o  Fuel  Remaining 

The  data  is  compacted  on  the  MSDRS  cartridge  by  taking  time  slices  at  significant 
peaks  and  valleys  of  the  strains  and  N2.  Significant  peaks  and  valleys  are  identified 
by  the  mission  computer.  To  qualify  as  significant,  each  event  must  pass  prescribed 
threshold  (level)  and  rise-fall  (range)  criteria.  This  results  in  only  data  that  is 
needed  to  determine  structural  component  fatigue  damage  being  recorded.  Judicious  selec¬ 
tion  of  the  data  compaction  criteria  is  important  for  the  production  units,  as  low 
thresholds  reduce  efficiency,  and  high  thresholds  reduce  accuracy.  In  spite  of  this, 
extreme  caution  must  be  used  not  to  start  out  with  thresholds  that  are  too  high  as  this 
will  result  in  losing  the  data  that  is  needed  to  establish  the  correct  thresholds.  In 
other  words,  you  can't  evaluate  the  effect  of  the  load  cycles  that  are  beino  eliminated 
unless  you  know  what  they  are.  An  example  of  the  recorded  loads  data  is  shown  in 
Figure  6. 

For  fatigue  life  tracking,  this  data  will  go  through  the  same  kind  of  central  proc¬ 
essing  as  the  counting  accelerometer  data  for  the  current  SAFE  Program.  The  postcard 
editing,  keyp  nching,  and  quality  controllino  process  used  for  the  SAFE  Program  will  be 
replaced  with  tape  drives  and  computer  software  that  will  sort  the  incoming  data  to  load 
individual  aircraft  files  and  perform  quality  checks  on  the  data.  Questionable  or 
missing  data  will  be  identified  for  evaluation  by  the  technicians  or  structural  integrity 
engineers.  The  missing  and  bad  data  will  be  statistically  replaced  with  representative 
data. 

The  analysis  program  will  have  the  ability  to  determine  fatigue  life  (crack  initia¬ 
tion)  expended  and  crack  growth  for  designated  points  on  the  major  structural  components. 
The  fatigue  life  tracking  program  will  be  capable  of  maintaining  sequential  loads  data 
history  files  and  structural  component  fatigue  life  expended  history  files.  These  files 
will  be  used  as  a  basis  for  structural  integrity  monitorino  and  the  reliability  centered 
maintenance  Age  Exploration  Program. 
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FIGURE  6.  F-18  Fatigue  Life  Tracking  Program  Loads  Data 
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To  this  point,  we  have  discussed  the  capabilities  of  the  F-18  fatigue  life  analysis 
and  tracking  programs.  Now  we  will  delve  into  some  of  the  economic  issues.  Projecting 
computer  and  manpower  costs  for  operating  this  system  for  a  fleet  of  F-18  aircraft  is 
still  somewhat  tentative,  but  some  data  to  base  projections  on  is  new  available. 

The  most  recent  projected  operating  costs/flight  hour  for  the  F-18  Fatigue  Life 
Tracking  Program  are  .04  man-hours  plus  $2.00  for  computer  processing.  Based  on  300 
flight  hou-.-s/year/aircraft,  this  would  require  12  man-hours  plus  $600/aircraft/year  or 
about  $1, 080/aircraft/year.  This  is  in  excess  of  the  $800/aircraft  that  is  required  to 
conduct  both  of  the  current  Structural  Appraisal  of  Fatigue  Effects  and  Service  Life 
Assessment  Program  activities.  At  first  glance  this  micht  be  discouraging,  so  we  need 
to  look  further  into  the  prospects  for  reducinq  these  projected  costs.  First,  the  cost 
projections  are  based  on  current  Interim  Fatigue  Life  Tracking  Program  experience, 
adjusted  to  account  for  program  improvements  and  operational  procedures  that  would  be 
employed  directly  on  the  current  Naval  Air  Development  Center's  CDC  6600/Cyber  75  com¬ 
puter  system.  Preliminary  investigations  indicate  that  the  computer  costs  could  be 
significantly  reduced  by  employing  a  dedicaed  minicomputer  to  accomplish  most  of  the 
Fatigue  Life  Tracking  Program  functions.  7 :  is  also  expected  that  new  inovations  in 
computer  equipment  and  procedures  will  reduce  the  projected  man-hour  costs.  Since  these 
programs  are  inherently  phased  into  operation  by  the  production  schedule,  there  will  be 
opportunities  to  evaluate  cost  reduction  features  using  real  data  before  the  aircraft 
numbers  result  in  overwhelming  costs.  In  this  regard,  the  F-18  Fatigue  Life  Tracking 
Program  will  lead  the  way  for  other  U.S.  Navy  aircraft  multiparameter  fatigue  life 
tracking  programs. 

Another  characteristic  of  cost  projections  for  these  new  systems  is  a  near  term 
bulge  in  effort  during  the  transition  period  to  new  or  modified  aircraft.  The  bulge  is 
due  to  the  fact  that  need  for  SLAP  activity  will  not  subside  for  sometime  because  it 
focuses  on  older  Fleet  aircraft.  It  will  take  several  years  before  the  results  from 
these  new  more  complex  tracking  programs  begin  to  change  the  SLAP  activity.  Additionally, 
one  cannot  expect  that  future  SLAP  activity  will  be  significantly  reduced  by  these  new 
programs.  More  likely,  there  will  be  an  increase  in  analytical  requirements  to  improve 
Fleet  aircraft  structural  integrity  at  a  modest  increase  in  cost.  These  cost  increases 
will  be  more  than  offset  by  the  tremendous  savings  that  can  be  achieved  through:  improved 
design  criteria,  early  recognition  and  resolution  impending  structural  problems,  and 
the  full  utilization  of  aircraft  structural  life;  ..i.  of  which  will  result  from  informa¬ 
tion  provided  by  the  new  tracking  programs.  The  beneficial  effect  on  flight  safety 
should  also  be  considered.  To  put  this  in  context,  just  consider  that  the  cost  associ¬ 
ated  with  procurement  of  one  aircraft  is  more  than  the  total  development  and  projected 
operating  costs  for  20  years  of  fatigue  life  tracking  for  1,500  F-18  aircraft. 

In  order  to  provide  the  capability  to  reconstruct  the  load  history  for  evaluation  of 
unexpected  failures,  the  individual  aircraft  load  history  data  files  must  be  maintained 
indefinitely.  These  files  plus  additional  files  needed  to  fill  in  for  bad  or  missing 
data  and  other  related  operations  combine  to  form  substantial  data  storage  requirements. 
Let's  just  look  in  detail  at  the  loads  data  history  files  for  now.  If  each  triggering 
parameter  (seven  altogether)  results  in  an  average  of  50  time  slices/flight  hour  and 
each  time  slice  consists  of  two  records  (peak  and  valley)  of  16  words,  you  will  get 
2  x  7  x  50  x  16  wotds  per  flight  hour.  This  results  in  11,200  words  per  hour  for  a 
6,000  hour  life  or  *7 ,200, 000  words.  This  would  indicate  a  need  for  about  10  to  12  nine- 
track  computer  tapes  tor  each  airplane  to  store  its  lifetime  of  loads  data  in  sequential 
form.  Projecting  out-year  data  storage  requirements  of  this  magnitude  for  a  large  number 
of  Fleet  aircraft  could  result  in  up  to  3,000  aircraft  in  various  stages  of  their  lives 
with  an  average  of  five  tapes  each,  or  a  total  of  15,000  tapes.  This  could  probably  be 
managed  if  it  was  essential  to  do  it  this  way.  The  current  Navy  plans  are  to  start 
collecting  and  saving  the  flight  loads  data  in  this  manner  until  enough  real  data  for 
each  sensor  is  available  to  evaluate  data  compression  and  other  storage  concepts.  The 
remaining  data  files  required  to  provide  for  loads  spectrum  evaluations,  structural  com¬ 
ponent  fatigue  life  expenditure  history,  and  bad  or  missing  data  gap  filling  should  fit 
on  a  single  disc  pack. 


F-13  INTERIM  FATIGUE  LIFE  TRACKING  PROGRAM 


The  purpose  of  the  F-18  Interim  Fatigue  Life  Tracking  Program  is  to  provide  Fleet 
aircraft  fatigue  monitoring  until  the  production  tracking  program  becomes  operational. 

As  of  January  1984,  12,800  hours  of  data  had  been  processed  covering  48  TF-  and  F/A-18 
aircraft.  A  reasonable  data  capture  rate  of  53*  was  obtained  during  this  initial 
operating  period. 

The  Interim  Fatigue  Life  Tracking  Program  reports  provide  the  fatigue  index  at  the 
most  critical  location  for  90%  of  the  aircraft  and  fatigue  indexes  at  ail  seven  locations 
for  10%  of  the  aircraft.  Figure  7  provides  a  typical  result  from  the  January  1984  report. 
Although  the  small  amount  of  data  available  for  each  aircraft  could  be  misleading,  this 
figure  indicates  that  the  same  location  does  not  yield  the  highest  fatigue  index  for  all 
the  aircraft. 
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FIGURE  7.  F-18  Interim  Fatigue  Life  Tracking  Program  Result 


F-14  FATIGUE  MONITORING  SYSTEM 


The  F-14  Fatigue  Monitoring  System  will  utilize  an  airborne  data  acquisition  system 
that  monitors  and  records  engine  and  kinematic  flight  parameters ,  aircraft  configuration 
discretes,  and  fuel  state.  This  parametric  data  will  be  recorded  in  time  slice  compacted 
form  in  much  the  same  manner  as  the  F-18  data.  The  parametric  signals  are  obtained  from 
existing  sources  except  for  normal  acceleration  (Nz)  which  will  be  obtained  from  an 
independent  transducer.  Since  this  system  will  be  retrofit  to  the  existing  F-14  air¬ 
craft,  strain  sensors  were  not  used.  The  recorder  is  a  microprocessor  controlled  solid 
state  memory  unit  with  128,000  bytes  of  storage  capacity.  The  time  slice  recording  is 
triggered  by  key  parameters  that  experience  peaks  or  valleys  that  exceed  prescribed 
threshold  limits.  The  solid  state  memory  is  sufficient  to  retain  data  from  about  one 
month  of  active  flying.  The  recorded  data  is  down-loaded  using  an  electronic  interro¬ 
gator  that  also  conducts  health  checks  on  the  airborne  recorder.  The  ground  station 
concepts  for  this  system  have  not  been  completely  definitized  yet,  but  will  probably 
consist  of  feeding  the  interrogated  loads  data  into  a  micro  or  minicomputer  for  proc¬ 
essing  and  transfer  to  a  disc  or  tape  for  mailing  to  the  Naval  Mr  Development  Center. 
Table  1  provides  a  list  of  the  parameters  that  will  be  monitored  and  recorded  by  this 
system. 

The  fatigue  life  tracking  analysis  software  will  convert  the  peak/valley  parameter 
data  to  component  loads  and  stresses  using  algorithms  that  will  be  developed  by  employing 
regression  analysis  to  tune  classical  loads  relationships  to  instrumented  flight  test 
data. 


The  operational  characteristics  of  this  fatigue  life  tracking  program  are  expected 
to  be  very  similar  to  those  discussed  for  the  F-18  program. 


TABLE  1.  F-14  FATIGUE  MONITORING  SYSTEM  RECORDED  PARAMETERS 

Loads  Parameters 

1.  CG  Normal  Acceleration 

2.  CG  Lateral  Acceleration 

3.  Roll  Rate 

4.  Mach  Number 

5.  Pressure  Altitude 

6.  True  Angle  of  Attack 

7.  Rudder  Position 

8.  Left  Stabilizer  Position 

9.  Right  Stabilizer  Position 

10.  Pitch  Rate 

11.  • Yaw  Rate 

12.  Wing  Sweep  (Back-Up) 

13.  Fuel  Remaining 

14.  Stores 


Engine  Monitoring  Parameters 


1. 

Engine  No.  1  Turbine  Speed 

N1 

2. 

Engine  No.  1  Turbine  Speed 

N2 

3. 

Engine  No.  1  Temperature 

T5 

4. 

Engine  No.  2  Turbine  Speed 

N1 

5. 

Engine  No.  2  Turbine  Speed 

N2 

6. 

Engine  No.  2  Temperature 

T5 

Discrete  Configuration  Parameter 

List 

1.  Wing  Sweep  Manual  Aft  Select 

2.  Wing  Sweep  Auto  Mode  Select 

3.  Maneuver  Flap  Extended 

4.  Nose  Landing  Gear  Launch  Bar  Extended 

5.  Nose  Landing  Gear  Kneel  Solenoid  Engaged 

6.  Main  Landing  Gear  Down  and  Locked 

7.  Arresting  Hook  Down 


A-7E  FATIGUE  LIFE  TRACKING  PROGRAM 

The  new  A-7E  Fatigue  Life  Tracking  Program  will  utilize  the  TF-41  Engine  Monitoring 
System  (EMS)  for  data  acquisition.  This  program  has  developed  because  of  an  opportunity 
to  economically  obtain  an  improved  fatigue  life  tracking  system  by  taking  advantage  of  an 
already  scheduled  update  of  the  EMS.  The  loads  data  acquisition  required  little  more 
than  software  changes  as  all  of  the  needed  hardware  already  existed.  Algorithms  had  to 
be  programmed  into  the  onboard  computer  to  again  recognize  and  record  the  loads  data 
parameters  at  peaks  and  valleys  of  normal  acceleration  that  exceed  the  prescribed  thresh¬ 
old  limits.  The  loads  parameters  recorded  are: 

Nz  -  Normal  acceleration  at  aircraft  CG 

V  -  Airspeed 

H  -  Altitude 

F  -  Fuel  State 

Wing  stresses  will  be  calculated  at  two  critical  locations  on  the  lower  skin  using 
regression  relationshios.  These  peak  and  valley  stresses  will  then  be  used  to  determine 
fatigue  life  expended  ’alues.  Although  relatively  simple,  this  program  will  remove  the 
conservative  point- in-the -sky  and  weight  assumptions  inherent  in  the  current  fatigue  life 
tracking  program.  It  alsc  provides  for  sequence  accountable  crack  initiation  or  crack 
growth  analysis  methodologies. 
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A  significant  aspect  of  this  approach  is  the  establishment  of  an  improved  fatigue 
life  tracking  program  with  very  low  development  and  implementation  costs.  This  procram 
has  moved  from  the  proposal  stage  through  a  demonstration  program  in  just  over  a  year  and 
is  expected  to  be  in  a  phased  implementation  process  by  mid-1985.  Figure  8  is  a  sample 
of  the  data  from  the  demonstration  program  that  illustrates  the  kind  of  information  that 
will  be  provided  for  individual  aircraft  loads  spectrum  and  faticue  life  monitoring. 


AIRFRAME  CYCLES  DATA 
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FIGURE  8.  A-7E  Fatigue  Life  Tracking  Program  -  Data  Sample 


A- 3  FATIGUE  LIFE  TRACKING  PROGRAM 


The  A-3  aircraft  have  recently  completed  a  full  scale  airframe  fatigue  test  to  iden¬ 
tify  airframe  changes  needed  to  extend  the  service  life  into  the  1990's.  In  order  to 
maximise  fatigue  life  utilization  from  individual  aircraft  and  to  schedule  the  downstream 
modifications,  a  new  individual  aircraft  Fatigue  Life  Tracking  Program  was  required. 

The  mission  for  the  A-3  aircraft  requires  little  high  G  maneuvering.  The  majority  of 
the  fatigue  damage  results  from  ground-air-ground  cycles  and  gusts.  The  situation  is 
also  one  that  requires  a  kit  type  retrofit  of  the  Fleet  aircraft.  In  order  to  accomplish 
this  at  a  reasonable  cost,  the  airborne  data  acquisition  system  had  to  be  relatively 
simple.  The  concept  chosen  was  one  that  would  use  a  2-parameter  system  using  a  wing 
strain  and  load  factor  <NZ) .  Examination  of  the  aircraft  revealed  an  accessible  location 
inside  the  center  wing  section  that  was  suitable  for  installation  of  a  microprocessor 
type  recording  unit.  This  location  was  near  the  center  of  gravity  and  also  the  fatigue 
critical  points  on  the  wing.  Since  the  recorder  and  sensors  are  in  close  proximity,  the 
retrofit  should  be  relatively  easy.  The  data  is  recorded  separately  for  flight  and 
ground  conditions  in  peak  and  range  type  exceedance  matrices  with  three  divisions  per  G 
resolution.  This  low  cost  concept  will  also  be  considered  for  improved  fatigue  life 
tracking  of  other  low  G  gust  sensitive  Fleet  aircraft  where  both  the  need  exists  and 
retrofit  is  required. 

The  down-loading  will  be  accomplished  using  an  electronic  interrogator  that  will 
copy  the  flight  data  into  a  solid  state  memory  device  for  mailing  to  the  Naval  Air 
Development  Center. 

The  Fatigue  Life  Tracking  Program  will  be  capable  of  calculating  fatigue  (crack 
initiation)  indexes  and  crack  growth  at  multiple  locations. 
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TACTICAL  AIRCREW  COMBAT  TRAINING  SYSTEM 

The  tactical  Aircrew  Combat  Training  System  (TACTS)  was  developed  to  improve  fighter 
pilot  performance.  The  system  provides  an  instrumented  airspace  approximately  60-80  km 
in  diameter  by  15-20  km  in  altitude.  The  instrumentation  consists  of  a  pod  that. is 
installed  on  the  aircraft  that  senses  and  transmits  aircraft  kinematic  and  response 
parameters  to  ground  stations.  The  ground  stations  monitor,  record,  and  can  play  back 
this  data  for  interactive  and  post  fight  pilot  traininn. 

As  this  system  evolved,  it  became  apparent  that  the  recorded  data  could  provide 
valuable  information  for  many  other  applications.  One  of  these  applications  was  to 
provide  aircraft  loads  parameters  during  air-to-air  tactical  training.  Table  2  provides 
a  list  of  some  important  aircraft  loads  parameters  that  are  available  in  time  history 
form.  To  accomplish  this,  two  sets  of  computer  software  were  developed.  The  first  was 
to  read  TACTS  range  data  tapes  to  extract  and  load  the  needed  aircraft  and  loads  data 
into  a  computer  data  bank.  The  second  set  of  software  would  select  desired  data  from 
the  computer  data  bank  and  carry  out  loads  spectrum  analysis  functions. 

There  have  been  some  operational  difficulties  that  have  adversely  effected  the 
utilisation  of  this  TACTS  range  data  as  a  ready  source  of  combat  training  load3  spectrum 
data.  These  difficulties  have  stemmed  primarily  from  delays  in  updating  the  loads  data 
software  for  consistency  with  TACTS  range  software  updates.  In  3pite  of  inoperative 
periods,  this  data  has  contributed  to  the  development  of  the  fatigue  test  spectrum  for 
the  F-4S  aircraft,  and  is  currently  being  used  to  prepare  detail  requirements  for  the 
VTX  and  the  A-6F  aircraft. 

The  TACTS  range  data  bank  will  continue  to  provide  an  up-to-date  source  of  combat 
training  loads  spectrum  data  for  new  aircraft  development.  Since  tactical  aircraft 
expend  a  high  percentage  of  their  fatigue  life  in  combat  training,  this  can  be  a  valuable 
contribution  especially  if  applicable  data  is  not  readily  available  from  other  sources. 


TABLE  2.  PARAMETERS  USED  FOR  LOADS  SPECTRUM  ANALYSIS 


o  Weight  (derived) 
o  Mach  Number 
o  Calibrated  Airspeed 
o  Normal  Acceleration 
o  Side  Acceleration 
o  Axial  Acceleration 
a  Roll  Angle 
o  Pitcli  Angle 
o  Yaw  Angle 


o  Roll  Rate 
o  Pitch  Rate 
o  Yaw  Rate 

o  Roll  Acceleration  (derived) 
o  Pitch  Acceleration  (derived) 
o  Yaw  Acceleration  (derived) 
o  Angle  of  Attack 
o  Angle  of  Sideslip 
o  Altitude 


70  MM  FILM  LANDING  PARAMETER  MEASUREMENT  SYSTEM 

The  Naval  Air  Development  Center  uses  a  70  mm  film  photographic  system  for  recording 
landings  to  determine  approach  and  touchdown  parameters.  The  system  consists  of  a  70  mm 
half-frame  camera  to  photograph  aircraft  landings,  film  readers  to  provide  a  means  of 
digitizing  flight  path  motion  of  the  approaching  aircraft  on  a  frame  by  frame  basi3,  and 
computer  software  and  analysis  techniques  that  determine  the  desired  approach  and  touch¬ 
down  parameters  for  each  landing.  A  second  computer  analysis  routine  provides  indepth 
statistical  analysis  of  the  individual  landing  parameters  to  provide  survey  results  for 
groups  of  aircraft  generally  broken  down  by  type,  model,  and  series.  The  hardware  items 
are  shown  in  Figure  9.  Figure  10  shows  a  typical  setup  for  a  carrier  survey.  The  setup 
dimensions  are  input  to  the  analysis  program  to  enable  the  application  of  the  system  to 
different  size  carriers  and  also  for  field  surveys.  The  film  readers  project  the  image 
on  a  screen  for  the  operator  to  index  key  points  on  :he  aircraft  such  as  wing  tips, 
control  surfaces,  and  wheel  positions.  The  readers  are  tied  electronically  into  keypunch 
machines  that  digitize  the  coordinates  of  the  keyed  points.  The  analysis  programs  read 
the  card  input  data  and  calculate  approach  and  touchdown  kinematic  and  attitude  param¬ 
eters  for  each  landing.  Some  of  the  most  used  parameters  provided  by  this  system  i  re 
listed  in  Table  3. 

The  results  from  these  surveys  are  used  to  adjust  wind  over  deck  requirements, 
adjust  or  impose  limits  on  aircraft  landing  weight,  and  are  the  only  source  of  landing 
data  available  for  development  of  new  aircraft  detail  design  requirements.  Some  addi¬ 
tional  tasks  that  this  system  has  been  used  for  are: 

a.  Helicopter  hovering  stability  tests. 

b.  Escape  system  acceleration  and  trajectory  testing. 

c.  Helicopter  landings  on  small  ships. 
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DISCUSSION  OF  SERVICE  LIFE  ASSESSMENT  PROGRAM  (SLAP) 


To  provide  a  more  detailed  insight  into  the  SLAP  Program  activity  some  of  the  past 
and  current  efforts  and  results  will  be  described. 

As  mentioned  previously,  the  SLAP  Programs  consist  of  analysis,  full  scale  fatigue 
tests,  and  Flight  and  Ground  Loads  Surveys.  The  results  of  Flight  and  Ground  Loads 
Surveys  are  generally  the  backbone  of  the  other  efforts.  These  Survey  results  combined 
with  the  individual  aircraft  tracking  (e.g.  SAFE)  program  results  will  identify  the  need 
and  provide  the  basis  for  additional  analysis  and  test  programs.  The  Landing  Loads  Survey 
results  are  used  to  adjust  wind  over  deck  requirements  for  carrier  landings  and  provide 
the  only  source  of  landing  data  for  new  aircraft  detail  design  requirements.  The  Flight 
Loads  Surveys  play  a  major  role  in  determining  aircraft  longevity  and  modification  or 
extension  program  requirements. 

The  70  mm  film  landing  loads  data  measurement  system  has  been  used  since  1964  to  con¬ 
duct  31  Landing  Loads  Surveys.  Each  survey  normally  consists  of  filming  from  500  to 
1,000  landings  and  are  generally  conducted  on-board  aircraft  carriers  during  predeploy¬ 
ment  pilot  carrier  qualifications.  Field  landing  and  deployment  surveys  are  also  accom¬ 
plished,  but  less  frequently. 

A  recent  Field  Landing  Survey  conducted  at  a  Naval  Air  Station  during  a  period  of 
routine  flight  operations  revealed  that  carrier  aircraft  seldom  experience  the  low  sink 
rate  "Field  Landing"  that  is  defined  in  the  design  specifications.  These  aircraft  nor¬ 
mally  land  at  fields  like  they  would  if  they  were  conducting  Field  Carrier  Landing 
Practice. 

The  most  recent  carrier  Landing  Loads  Surveys  have  shown  that  several  of  the  aircraft 
models  land  at  higher  approach  speeds  with  higher  sink  rates  than  expected.  They  have 
also  shown  that  for  some  models  the  approach  speed  and  sink  rates  increase  as  the  aircraft 
get  older.  The  F-4  is  an  example  of  this:  the  mean  sink  and  approach  speed  values 
increased  from  12.6  ft/sec  and  145  knots,  respectively  to  15.1  ft/sec  and  155  knots 
between  1974  and  1980. 


One  of  the  pressing  problems  that  effects  most  of  the  current  Fleet  aircraft  relates 
to  the  validity  of  the  fatigue  tests  that  were  conducted  in  years  past  using  blocked  load 
spectrums.  The  U.S.  Navy  relies  heavily  on  the  results  of  these  tests  for  structural 
integrity  substantiation,  and  to  provide  a  basis  (fatigue  allowables)  for  individual 
aircraft  tracking  programs.  In  order  to  properly  account  for  sequential  effects,  these 
tests  must  now  be  redone  and  all  new  tests  must  be  conducted  with  representative  flight 
by  flight  test  load  spectrums. 


The  sequential  loads  interaction  effects  are  particularly  significant  on  Navy  carrier 
aircraft  because  of  the  single  flight  stress  reversals  that  are  experienced  in  catapult 
and  arresting  load  sensitive  structure.  Testing  using  representative  flight  by  flight 
spectrums  have  shown  lives  reduced  by  a  significant  factor  from  the  blocked  spectrum 
results.  Figure  11  illustrates  the  load  cycle  difference  between  blocked  and  flight  by 

The  status  of  the 


loads  for 

the  A-6  aircraft 

catapult  load  reactive 

structure. 

by  flight 

load  spectrum  tests  are: 

Completed 

Underway 

Planned 

S-3 

E-2C 

A-6E 

F-4S 

EA-6B 

KA-6D 

E/TA-3 

F-18 

KA-3B 

F-14 

A- 4 

The  development  of  the  E-2C  fatigue  test  spectrum  is  an  excellent  example  of  the 
application  of  flight  and  ground  load  survey  data.  Since  the  E-2C  was  not  procured  with 
a  fatigue  life  tracking  system,  the  fatigue  life  status  was  initially  determined  by 
mission  analysis  with  flight  severity  extrapolated  from  its  sister  aircraft  (C-2)  data. 

It  was  recognized  that  this  technique  only  provided  a  barometer  for  measuring  fatigue 
damage  which  became  even  less  credible  as  the  aircraft  mission  and  configurations  changed 
with  time.  The  initial  concerns  centered  around  a  suspicion  that  these  aircraft  miqht  be 
experiencing  a  high  frequency  of  load  factors  just  below  the  2  G  level  which  was  the  low 
threshold  for  the  recorded  C-2  flight  data.  To  evaluate  this,  and  establish  a  load 
factor  (Nz)  spectrum  for  the  new  fatigue  test,  a  16-airplane,  6-level  counting  accelerom¬ 
eter  load  survey  was  initiated. 

The  results  from  this  survey  were  startling.  The  measured  data  showed  substantially 
higher  than  expected  frequencies  and  severity  for  Nz  exceedance  levels.  Figure  12  shows 
the  proposed  spectrum  that  was  initially  provided  for  the  fatiaue  test  and  the  spectrum 
that  was  used  after  the  Flight  Loads  Survey. 

This  example  highlights  a  couple  important  issues.  The  first  is  the  need  for  accurate 
loads  monitoring  systems  to  preclude  making  errors  in  judgment  regarding  usage  severity. 
The  second  is  that  a  relatively  small  surveillance  program,  such  as  this  one,  can  really 
make  a  difference  and  is  worthwhile,  even  if  all  it  does  in  some  cases  is  to  establish 
confidence  in  major  program  results. 
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Figure  12.  COMPARISON  OF  EXCEEDANCES  OF  N. 
PER  .1000  FLIGHT  HOURS 
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Other  flight  usage  survey  work  that  has  been  recently  completed  or  is  planned  for 
the  near  term  includes: 


Recent 

F-14  FFLS 

CH-53D 

EC-130Q 

AV-8C 

E-2C 

RH-53D 


Near  Term 

A-6E 

EA-6E 

P-3C 

CH-53E 

AH- IT 

TAV-8A 


SERVICE  LIFE  EXTENSION  PROGRAM  (SLEP) 


SLEP  Programs  include  the  engineering,  test,  and  aircraft  modification  efforts 
needed  to  extend  the  life  of  aircraft  beyond  currently  authorized  limits  so  they  can 
continue  to  perform  their  mission  until  it  is  no  longer  needed.  This  has  become  common¬ 
place  with  Navy  aircraft  as  the  original  design  life  of  current  Fleet  aircraft  generally 
falls  short  of  their  operational  usefulness. 

These  programs  sometimes  require  incorporation  of  improved  fatigue  life  monitoring 
systems  (e.g.  A-3) .  These  requirements  are  evaluated  on  a  case  by  case  basis  and  are 
prescribed  to  address  the  specific  aircraft  concerns  and  needs.  For  instance,  the  A-3 
will  get  a  new  Fatigue  Life  Tracking  Program  whereas  continuation  of  the  current  program 
is  planned  for  the  A-4. 

The  results  of  the  individual  aircraft  tracking  (e.g.  SAFE)  and  Flight  and  Ground 
Load  Survey  Programs  play  a  primary  role  in  determining  what  needs  to  be  done  to  make 
these  extensions  possible,  and  in  establishing  the  scope  and  scheduling  for  incorpo¬ 
rating  modifications. 


CONCLUSION 

The  major  elements  of  the  Aircraft  Structural  Life  Surveillance  (ASLS)  Program  pro¬ 
vides  an  effective  and  economical  means  of  assuring  safety  and  longevity  of  Fleet  air¬ 
craft  airframes.  With  the  advent  of  multiparameter  recording  equipment,  the  effective¬ 
ness  of  the  ASLS  Program  will  be  even  further  enhanced.  Some  of  the  cost  and  emphasis 
will  probably  shift  from  the  Service  Life  Assessment  (SLAP)  Program  to  the  Structural 
Appraisal  of  Fatigue  Effects  (SAFE)  Program  as  more  of  the  multiparameter  tracking 
programs  become  operational.  Though  extensive  survey  work  should  diminish  as  more  Fleet 
aircraft  are  equipped  with  multiparameter  tracking  systems,  unanticipated  problems  will 
always  require  the  measurement  of  additional  data.  For  this  reason,  the  U.S.  Navy  plans 
to  employ  the  new  microprocessor  technology  to  maintain  and  streamline  Loads  Survey 
capability.  Particular  emphasis  will  be  placed  on  improved  systems  to  measure  approach 
and  landing  parameters  and  for  direct  measurement  of  landing  gear  loads.  The  stream¬ 
lining  efforts  will  focus  on  the  system  packaging,  aircraft  interface  and  installation 
requirements  and  procedures,  data  collection  and  processing  requirements  and  procedures, 
and  analysis  and  reporting  techniques.  These  efforts  will  focus  on  increasing  the 
quality  and  quantity  of  data  while  reducing  the  costs  and  response  time  that  are  associ¬ 
ated  with  the  current  Loads  Survey  aircraft  instrumentation  equipment  and  techniques. 


EDITOR’S  NOTE 


The  above  paper  was  not  presented  during  the  Specialists’  Meeting  as  planned,  due  to  the  unavoidable  absence  of  both 
authors.  After  giving  the  matter  careful  consideration  after  the  Meeting,  members  of  the  Panel  gave  special  dispensation  for 
this  paper  to  be  included  in  its  proper  place  in  the  published  proceedings,  for  completeness.  However,  preprints  were  not 
available  at  the  meeting  and  there  was  no  opporunity  for  discussion  of  the  paper. 
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SUMMARY 

The  individual  aircraft  tracking  (IAT)  can  be  an  effective  instrument  for  intro¬ 
ducing  the  necessary  maintenance  activities  which  need  to  be  adapted  individually  to 
each  aircraft. 

One  of  the  most  important  activities  within  the  IAT  scope  is  the  processing  of 
operational  loads  data  in  order  to  calculate  to  consumed  fatigue  life  of  individual  air¬ 
craft.  The  installed  operational  service  load  recording  systems  for  military  aircraft 
within  the  German  Air  Force  include  logforms,  counting  accelerometers  and  digital  flight 
recorders.  Under  consideration  are  systems  for  direct  measurement  of  loads  and  damage. 

Hence,  a  profound  operational  loads  data  acquisition  and  evaluation  can  be  an 
effective  tool  for  cost  savings  during  the  operational  life  time  of  an  aircraft. 


1 .  INTRODUCTION 

Aircraft  structures  are  subjected  to  growing  demands  with  respect  to  complexity 
of  missions  and  configurations  (multirole).  For  that  reason  there  i3  a  tendency  that  the 
complexity  of  modern  aircraft  structures  is  also  increasing  as  it  can  be  seen  in  the 
variable  sweep  wing  technique  for  example. 

For  aircraft  already  in  service,  the  fatigue  life  needs  to  be  reviewed  and 
proved  again  by  experimental  and/or  analytical  studies. 

Individual  aircraft  tracking  (IAT)  considers  as  the  most  effective  way  to  deter¬ 
mine  the  necessary  maintenance  actions  for  complex  structures. 


One  of  the  most  important  activities  within  the  IAT  scope  is  the  processing  of 
operational  loads  data  in  order  to  calculate  the  consumed  fatigue  life  of  individual  air¬ 
craft.  The  installed  operational  service  load  recording  systems  for  military  aircraft 
within  the  German  Air  Force  include  logforms,  counting  accelerometers  and  digital  flight 
recorders.  Under  consideration  are  systems  for  direct  measurement  of  loads  and  fatigue 
life  consumption. 

Hence,  a  profound  and  comprehensive  operational  loads  data  acquisition  and 
evaluation  will  be  an  effective  tool  for  cost  savings  during  the  operational  life  time 
of  an  aircraft. 
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2.  OBJECT  OF  FATIGUE  MONITORING  PROGRAMS  i 

In  service,  generally  each  individual  aircraft  is  subjected  to  different 
operational  loadings,  which  will  cause  different  damages  in  its  fatigue  prone  areas  of 
the  airframe  structure.  FIG  1  shows  these  facts  exemplified  on  the  wing  lower  skin  of 
a  fighter  aircraft. 

For  aircraft  having  flown  the  same  number  of  flight  hours  in  comparable  missions 
(fighter  bomber)  a  considerable  scatter  in  consumed  fatigue  damage  up  to  a  factor  of  5 
could  be  observed.  Consequently,  a  factor  of  5  exists  between  the  mildest  and  the  most 
severe  flown  aircraft  considering  identical  flight  hours.  If  no  fatigue  related  monito¬ 
ring  programme  is  carried  out,  maintenance  actions  like  inspections,  modifications, 
exchange  or  scrap  of  components  have  to  be  done  at  the  number  of  flight  hours  which  the 
most  severe  flown  aircraft  is  allowed  to  accumulate  taking  into  account  a  defined  proba¬ 
bility  of  failure.  That  means,  that  for  all  remaining  aircraft,  the  relevant  maintenance 
actions  cane  too  early  since  they  are  flown  in  a  milder  way. 

The  fatigue  monitoring  program  allows  the  maintenance  actions  to  be  introduced 
on  the  basis  of  the  accumulated  damage  rate  which  can  be  calculated  for  each  aircraft  if 
loading  is  recorded  for  each  individual  aircraft.  Therefore  maintenance  actions  for  a 
fatigue  critical  area  will  not  primary  be  defined  by  accumulation  of  a  certain  number  of 
flight  hours,  but  after  reaching  a  damage  rate  of  100  %,  which  will  mean  a  different 
number  of  flight  hours  for  each  aircraft. 

With  consideration  of  the  life  already  consumed  and  under  certain  assumptions  for 
future  operrt'on  the  remaining  flight  hours  for  utilization  before  maintenance  actions 
fall  due,  can  be  determined.  Additional  logistic  data  concerning  required  tools,  spares 
and  personnel  can  be  defined  more  precisely  with  the  aid  of  fatigue  monitoring.  i 

With  mission  specific  load  sequences,  extracted  from  recorded  data  of  individual 
aircrafts  an  operation  control  is  possible  to  a  certain  extent.  So,  for  instance  aircrafts 
with  high  damage  rates  could  allocated  to  fly  less  severe  missions  and/or  configura¬ 
tions,  whereas  aircrafts  with  low  damage  rates  can  be  rotated  to  high  damaging  missions. 


3.  INDIVIDUAL  AIRCRAFT  TRACKING  PROGRAM  (IATP) 

The  purpose  of  the  IATP  is  to  determine  the  attained  damage  as  percentage  of  the 
allowable  fatigue  life  or,  with  other  words,  to  determine  the  consumed  life  of  each 
individual  fatigue  critical  structural  component.  FIG  2  shows  the  main  activities  of 
the  IATP: 

-  LOADS  AND  COMPONENT  DATA  ACQUISITION 

With  individually  adjusted  load  monitoring  systems  the  relevant  load  parameters  will 
be  recorded  for  all  flights  for  each  aircraft.  Additionally  the  component  identifica¬ 
tion  information  (serial  number)  is  registered. 

These  data  are  forwarded  to  the  Central  Evaluation  Department  (CED) . 

Special  checks  are  applied  in  order  to  separate,  correct  or  replace  faulty  data. 
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DAMAGE  CALCULATION 

According  to  the  design  philosophy  of  the  aircraft  structure,  the  appropriate  damage 

calculation  philosophy  is  applied: 

o  for  safe  life  structures  the  calculation  is  based  on  S/N  curves  and  the  Miners  rule 
[1)<  12)  is  used  to  determine  the  accumulated  damage.  Usually  the  loads  data  will 
be  processed  to  a  cumulative  frequency  stress  spectrum. 

o  In  damage  tolerant  designed  structures  initial  flaws  are  assumed  in  the  new  built 
structure.  They  are  monitored  until  defined  crack  sizes  are  reached,  depending  on 
the  associated  maintenance  action  (economic  repair,  replacement,  inspection) . 

In  order  to  calculate  the  crack  propagation,  the  cycle  by  cycle  information  of 
the  stress  sequence  is  considered  to  obtain  special  retardation  effects 
13),  (4). 


DERIVATION  OF  STANDARD  LOAD  SEQUENCES  OR  SPECTRA  (SLS) 

Out  of  the  registered  loads,  typical  sequences  are  extracted  in  order  to  create  speci¬ 
fic  parameter  or  load  histories  for  full  scale  or  component  tests  as  well  as  for  refe¬ 
rence  spectra  (standard  unit  spectra,  SAS) .  These  load  sequences  or  spectra  should 
satisfy  the  following  criteria: 

o  the  mean  damages  of  the  registered  load  sequences  of  individual  aircraft  should 
be  equal  to  the  mean  damage  of  the  SLS 

o  the  distribution  of  actual  flown  missions,  configurations  and  other  relevant 
operational  parameters  (e.g.  vertical  acceleration,  flight  duration,  altitude, 
velocity)  should  be  characteristic  for  the  aircrafts  operational  usage.  In  some 
cases  more  than  one  SLS  or  spectrum  has  to  be  determined  for  the  weapon  system 
under  consideration  e.g.  different  SLS  for  combat  and  training  missions. 

FATIGUE  LIFE  SUBSTANTIATION 

The  fatigue  life  of  aircraft  structural  components  is  demonstrated  on  the  basis  of 
relevant  requirements  15],  (6),  (7): 

o  Full  Scale  Tests 

Major  structural  components  such  as  center  fuselage,  wings  and  empennage  are 
fatigue  tested  in  complex  rigs,  the  fatigue  critical  areas  found  are  investigated 
with  special  fracture  mechanic  related  methods. 

o  Component  Tests 

For  special  substructures  like  landing  gear,  stabilizers,  forward  fuselage  portions, 
separate  tests  are  carried  out. 

o  Arithmetical  Analysis 

In  case  of  structural  modifications  due  to  insufficient  fatigue  life  or  for  minor 
subassemblies  theoretical  analyses  have  to  be  done. 

o  Operational  Experience 

Additional  operational  experience  of  each  in-service  loading  can  be  helpful  to 
correct  test  and  analytical  results. 
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The  loading  program  for  the  fatigue  tests  and  the  arithmetical  analyses  should  be 
based  on  the  SLS. 

If  the  relevant  tests  are  carried  out  in  the  structural  design  phase,  estimated  load 
sequences  which  are  often  derived  from  similar  type  of  aircrafts  must  be  used.  For 
the  operational  usage  phase  the  fatigue  test  life  is  scaled  to  a  SLS  related  fatigue 
life. 

-  CALCULATION  OF  ALLOWABLE  FATIGUE  LIFE 

The  allowable  fatigue  life  depends  on  the  planned  maintenance  action 
o  Inspection 
o  economical  repair 
o  replacement/scrap 

and  the  design  philosophy 
o  safe  life 
o  damage  tolerance 

For  safe  life  designed  structures  the  scatter  of  fatigue  life  is  related  to  a  low 
probability  of  occurance  of  a  damage  which  in  turn  is  dependend  on  the  structural 
safety  class  of  the  considered  component  (FIG  14). 

For  damage  tolerant  structures  the  flaws  assumed  to  exist  in  the  new  built  structures 
and  which  escaped  detection  during  quality  control  are  related  likewise  to  a  low 
probability  of  occurance. 

The  attained  life  at  the  crack  sl2e,  which  is  associated  to  the  planned  maintenance 
action,  is  the  allowable  life  for  a  damage  tolerance  structure. 

The  allowable  life  is  always  related  to  the  standard  load  sequence  or  spectrum. 

-  CONSUMED  LIFE,  DAMAGE  RATE 

The  damage  of  each  component  in  each  individual  aircraft  is  related  to  the  allowable 
life.  The  ratio  in  percent  represents  the  consumed  life  or  damage  rate. 

FIG  3  shows  a  typical  printout  of  the  individual  aircraft  tracking  program  for  a 
fighter  bomber.  It  should  be  noted  that  in  case  of  symmetrically  arranged  components, 
like  wings,  it  is  attempted  to  combine  components  with  nearly  equal  damage  rates  in 
order  to  synchronize  the  inspection  activities. 

-  PREDICTION  OF  MAINTENANCE  ACTIONS 

In  order  to  get  information  for  planning  inspections  (personnel  and  devices) ,  exchange 
(spare  part  availability  and  provisions)  or  economic  repair  (tooling)  a  prediction 
method  is  applied  which  contains  the  following  criteria 
o  the  aircraft  i3  flying  in  the  same  squadron  in  future 

o  the  mean  squadron  load  sequence  or  spectrum  is  used  for  the  prediction 

o  the  maintenance  action  to  fall  due  is  integrated  into  the  next  suitable  depot  or 

field  maintenance 

In  FIG  3  the  predicted  flight  hours  until  a  maintenance  action  must  be  taken  (100  *) 
is  listed  for  different  fatigue  critical  locations. 
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4.  LOAD  MONITORING  SYSTEMS  (LMS) 

The  primary  object  of  load  acquisition  is  to  get  information  from  the  fatigue 
critical  areas  in  terms  of  strain  or  stress  to  calculate  the  damage  in  incremental 
steps  per  load  cycle.  The  systems  which  are  used  or  which  are  under  consideration  to¬ 
day  for  IAT  tasks  can  be  dividod  into 

-  flight  parameter  measuring  systems 

-  direct  strain  measuring  systems 

-  on  board  damage  calculation  systems 

-  load  cumulation  systems 

The  selection  of  the  most  suitable  system  for  a  defined  fleet  of  aircraft  depends  on 
the  following  criteria  (FIG  4) 

-  COMPLEXITY  OF  THE  STRUCTURAL  DESIGN  AND  LOCATION  OF  FATIGUE  CRITICAL  AREAS 

The  higher  the  degree  of  complexity  of  the  structural  design,  the  more  complex  is  the 
data  acquisition  system,  e.g.  for  fixed  wing  combat  aircraft  designed  in  the  mid  50's 
counting  accelerometer,  partly  in  combination  with  3imple  recorders  (VGH) ,  are  suffi¬ 
cient  for  IAT  purposes.  For  highly  complex  structures  of  sweep  wing  aircraft  highly 
sophisticated  data  acquisition  systems  are  necessary. 

Fatigue  critical  areas  located  at  inner  wing/centre  fuselage  normally  can  be  monitored 
by  counting  accelerometer  systems  other  locations  need  further  systems. 

-  COSTS  EFFECTIVENESS  CONSIDERATION 

The  total  costs  -  the  sum  of  system  hardware  and  regular  evaluation  -  for  the  IAT 
3h0uld  be  a  minimum,  since  the  amount  of  data  from  IAT  can  be  tremendous. 

Therefore,  data  acquisition  systems  should  have  a  high  reliability  level,  otherwise, 
due  to  system  failures  additional  repair  costs  as  well  as  penalties  for  the  consumed 
life  must  be  taken  into  account. 

A  concept  with  a  simple  data  acquisition  in  all  aircrafts  and  a  complex  system  in  a 
few  aircrafts  has  been  proved  as  good  compromise. 

Within  the  scope  of  a  basic  investigation  the  total  fixed  and  current  costs  of  the 
applicable  load  monitoring  systems  are  compared  with  the  expenditure  of  costs  to 
carry-out  the  necessary  maintenance  actions.  Generally,  the  maintenance  action  costs, 
economized  by  load  monitoring,  must  be  considerably  higher  than  the  fixed  and  current 
fatigue  load  monitoring  expenses. 

-  REQUIRED  DATA  DISINTEGRATION 

Repeated  loads  result  in  damage  accumulation  for  safe  life  structures  or  in  crack 
propagation  for  damage  tolerant  structures.  For  both  damage  calculation  philosophies 
the  strain  or  stress  conditions  at  each  load  maximum  and  load  minimum  have  to  be 
determined  at  fatigue  critical  locations.  Since  at  these  locations  the  elastic  and 
plastic  loading  reactions  can  not  be  described  exactly,  considerations  concerning  a 
concept  to  overcome  such  deficiencies  have  to  be  investigated. 

A  suitable  transferfunction  T  is  to  be  defined  in  order  to  describe  the  correlation 
between  the  relevant  strain/stress  at  the  starting  point  of  the  crack  and  the  registe¬ 
red  IAT  parameters  or  recorded  strain/stress  sequences  [8] . 


5*6 


J  4.1  FLIGHT  PARAMETER  MONITORING  SYSTEMS 

Flight  parameter  monitoring  systems  are  applied  primarily  to  data  acquisition 
i  systems  installed  in  all  aircraft  as  well  as  to  sophisticated  data  acquisition  systems 

installed  in  a  representative  sample  of  aircraft.  One  of  the  most  widespread  acquisition 
systems  for  the  vertical  acceleration  of  aircraft  is  the 

,  o  COUNTING  ACCELEROMETER  (g-METER)  (CA) 

This  device  is  a  relatively  simple  indicator  with  a  relatively  high  degree  of 
reliability.  If  the  variation  of  fatigue  relevant  eters  other  than  vertical 

acceleration  is  negligible,  the  reading  intervals  can  be  chosen  from  25  to  100  flight 
hours,  otherwise  a  flight  by  flight  reading  with  additional  log-recorded  parameters 
is  necessary,  especially  in  the  case  of  highly  variable  external  store  configurations. 
The  relevant  transfer  functions  T1  and  T2  (FIG  5)  are  applicable.  These  transfer 
functions  contain  a  large  portion  of  estimated  data  which  are  based  on  statistic., 
assumptions,  so  that  a  defined  worst  case  is  covered.  Since  a  specific  aircraft  is 
not  always  flown  under  severe  loading  sequences  and  another  one  not  always  under 
exclusively  mild  loading  sequences  but  rather  a  mixture  of  both  loading  types,  a 
special  scatter  consideration  is  necessary.  In  FIG  6  these  facts  are  shown  for  typi¬ 
cal  fighter  bomber  squadrons  with  the  characteristic  decrease  of  damage  scatter  for 
increasing  number  of  flight  hours.  Therefore,  if  the  lifetime  of  components  is  long 
enough,  the  statistically  based  load  data  are  in  an  acceptable  range.  The  structural 
areas  which  can  be  monitored  by  counting  accelerometer  are  essentially  limited  to 

-  center  fuselage 

-  inner  wing 

Since  the  hardware  costs  of  counting  accelerometers  are  relatively  low,  this  system 
is  used  mostly  in  100  %  of  the  aircraft  of  a  certain  fleet. 


o  DIGITAL  FLIGHT  PARAMETER  (DFP)  RECORDER 

The  function  of  the  DFP-Recorder  is  to  register,  to  digitalize  and  to  store  the  values 
of  defined  parameters  during  a  flight  onto  tape.  By  means  of  a  transcriber  the  data 
are  converted  into  a  format  compatible  to  processing.  Two  categories  of  DFP-Recorder 
which  differ  mainly  in  data  volume,  can  be  discerned: 

Veloclty-Gravlty-Helght  (VGH)  Recorder 

For  aircraft  structures  with  a  relatively  low  complexity  a  VGH  recorder  in  combination 
with  a  flight  log,  containing  information  on  weight  at  start  and  landing  as  well  as 
configuration  is  useful.  With  a  transfer  function  of  T3  (FIG  6)  type  in  which  unsymme- 
trical  loads  must  be  estimated  or.  a  statistical  basis  and  special  load  effects  -  e.g. 
buffet,  tip  stall  -  are  integrated,  the  registered  data  are  transduced  to  a  peak  and 
through  stress  sequence  for  damage  calculation.  Since  the  expense  in  calculation  is 
in  most  cases  tremendous,  the  VGH  recorder  is  used  as  an  additional  data  acquisition 
system  in  about  15  to  20  *  of  all  aircrafts  in  combination  with  CA  in  100  %  of  the 
aircrafts. 

Due  to  the  electronic  micro-miniaturization  the  potentiality  of  VGH-type  recorders 
will  Increase  so,  that  at  the  same  hardware-weight  a  multichannel  recorder  or  an 
on  board  damage  calculation  system  will  be  available. 


t 
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The  major  disadvantage  of  the  VGH-reoorder  against  the  multichannel  recoider  is 
the  missing  information  on  weight  conditions,  configuration  and  unsymmetrical 
loads.  These  informations  must  partly  be  handwritten  on  a  special  log  form. 
Essentially  the 

-  front  and  center  fuselage 

-  inner  and  outer  wing  structures 

are  covered  with  the  VGH  recorder.  The  percentage  of  data  drop  outs  for  the  whole 
system,  consisting  of  the  recorder  unit  and  the  transcriber,  comes  to  less  than  5  %. 
A  typical  sequence  of  vertical  accelerations  with  a  specific  data  trouble  (spikes) 
and  their  correction  demonstrates  FIG  7. 


o  MULTICHANNEL  (MC)  RECORDER 

In  principle  the  MC  recorder  is  an  extended  VGH  recorder,  registering  additional 
sequences  of  aircraft  parameter  such  as  angular  rates  and  lateral  accelerations, 
fuel  quantities,  external  store  drops.  FIG  8  shows  the  structural  relevant  para¬ 
meters  with  the  respective  sampling  rates  for  a  planned  MC  recorder,  at  the  moment 
under  development  for  a  complex  sweet  vlng  fighter  aircraft. 

As  it  can  be  seen,  provisions  are  assigned  to  operate  strain  gauges.  With  these 
strain  gauges  a  double  evaluation  is  possible: 

-  for  fatigue  critical  locations,  which  are  covered  by  the  transfer  function 

type  T4 ,  a  regular  correlation-  and  regression  analysis  between  the  flight  para¬ 
meter  and  the  strain  or  stress  at  the  fatigue  critical  area  and  thereby  an  actual 
adaptation  of  the  transfer  function  T4  can  be  performed 

-  for  fatigue  critical  areas,  which  cannot  be  covered  by  registered  flight  para¬ 
meters  such  as  landing  gear  and  empennage,  from  the  direct  strain  measurements 
representative  stress/strain  sequences  or  spectra  can  be  derived. 

With  this  ability  the  MC  recorder  comes  into  the  category  of  direct  strain  measuring 
systems.  Likewise  strain  gauges  are  helpful  if  an  unexpected  critical  location 
occurs  during  service  and  a  quick  estimation  of  the  possible  fatigue  life  is 
necessary. 

Because  of  the  comparatively  high  datavolume  an  installation  into  10  to  20  percent 
of  aircrafts  in  the  fleet  is  reasonable.  Data  loss  due  to  sensor  defects  or  electro¬ 
magnetic  disturbances  add  up  to  15  to  20  percent. 

The  registered  VGH  and  MCR  recorder  data  must  be  evaluated  so,  that  a  level-corre¬ 
lated  damage-transfer  on  a  mission  specif lc-ba3is  gives  the  possibility  to  calculate 
damage  relevant  indices  from  counting  accelerometer  readings. 

4.2  DIRECT  STRAIN  MONITORING  SYSTEMS 

The  fundamental  parameter  for  any  damage  calculation  procedure  is  the  stress/ 
strain  history  at  the  location,  where  a  crack  occurs  and  propagates  with  load  associa¬ 
ted  rates. 


Besides  the  possibility  to  integrate  strain  gauges  into  the  HC  recorder,  an 
important  system  for  strain  registering  is  the 

-  MECHANICAL  STRAIN  RECORDER  (MSR) 

The  MSR  works  as  a  mechanical  strain  gauge,  "scratching"  the  sustained  strain  history 
onto  a  metallic  tape  stored  in  a  cassette  (FIG  9) .  One  scriber  scratches  the  record 
trace,  another  scriber  is  scratching  a  reference  trace,  whereby  the  difference  between 
these  two  traces  is  a  measure  for  the  applied  strain  [9). 

Due  to  a  backlash  of  the  recorder  and  a  minimum  peak  solution  of  the  data  transcriber 
unit,  amplitudes  greater  than  0.0025"  are  registered. 

The  available  gauge  lengths  measure  3,  5,  8  and  10  inches.  The  8  inch  MSR  proves  to 
be  an  acceptable  compromise  for  aluminium  structures  of  transport  aircraft,  since  the 
strain  solution  is  sufficient,  an  adequate  calibration  can  be  carried  out. 

The  MSR  is  at  the  moment  installed  for  test  purposes  in  4  transport  aircraft  wings  in 
the  GAF  (FIG  10).  This  component  offers  enough  room  for  bonding  a  MSR  with  good 
accessability  and  the  most  fatigue  critical  location  of  the  wing  is  near  a  spliceplate 
for  which  a  transfer  function  T4  (FIG  5)  can  be  calculated.  So  far  the  measured  time 
with  MSR  installed  totals  up  to  approximately  500  flight  hours.  Within  this  period  an 
interval  of  about  35  flight  hours  was  not  reproducable,  because  one  mounting  block 
had  loosened. 

The  necessary  transfer  function  T5  was  determined  by  conventional  strain  gauge  cali¬ 
brations.  The  calibration  after  each  cassette  removal  is  done  by  filling  the  fuel  tank 
with  a  defined  amount  of  fuel,  producing  a  difference  in  wing  bending  moment. 

The  results  of  the  test  operation  usage  show  that  an  extension  of  the  MSR  installation 
into  all  transport  aircrafts  can  be  effective,  especially  since  no  additional  data 
needs  to  be  read  by  the  crew  as  it  is  necessary  up  to  now  with  other  systems. 

4.3  ON  BOARD  DAMAGE  CALCULATION  SYSTEM  (OBDCS) 

A  "weak"  point  of  the  DFP  Recorder  (VGH  and  MC  recorder)  is  the  data  transfer 
procedure,  that  means  writing  the  digital  information  onto  a  magnetic  tape  in  the  DFP 
recorder,  subsequently  transferring  the  DFP  recorder  data  via  transcription  unit  onto 
a  computer  compatible  magnetic  tape  and  format  for  damage  calculation.  The  loss  of  data 
reaches  about  5  to  20  percent  depending  on  the  adjustment  of  the  micros  in  the  recorder 
and  the  data  transcription  unit. 

Therefore,  planning  studies'are  initiated,  to  calculate  the  damage  in  an  OBDCS. 
The  subprograms  necessary  to  calculate  the  damage  according  to  a  linear  damage  accumu¬ 
late  method  are  shown  in  FIG  1 1 .  For  each  subprogram  the  estimated  storage  capacity  for 
random  access  memory  (RAM)  and  read  only  memory  (ROM)  as  well  as  erasable  programable 
read  only  memory  (EPROM)  are  shown  in  this  figure. 
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The  dominant  subprograms  contain  the  following  procedures 
-  data  Control  and  condensation 

In  this  routine  the  incoming  data  are  checked  with  respect  to  gradient  and  amplitude 
and,  if  necessary,  corrected.  In  a  second  step  the  values  are  condensed  to  an  adapted 
peak  and  through  sequence,  considering  a  threshold  for  elimination  of  noise  from  the 
used  record. 


-  STRESS  CALCULATION  FOR  EACH  CRITICAL  LOCATION 

With  application  of  the  function  of  T4  type  (FIG  5)  bending  moments  and/or  shear/ 
tension  forces  are  determined  out  of  the  recorded  flight  parameter  and  then  the 
stress  is  calculated  for  each  critical  location  by  a  linear  function. 


RANGE  PAIR  COUNTING 

In  this  subprogram  the  number  of  stress  ranges  are  calculated,  taking  into  account 
the  mean  level  and  a  specified  threshold.  In  addition  the  rain  flow  cycle  counting 
method  is  applied  in  order  to  iix  the  damage  relevant  cycles  and  half  cycles  [10]. 


-  DAMAGE  CALCULATION 

The  damage  calculation  is  based  on  a  conventional  damage  accumulation  method  accor¬ 
ding  to  Palmgren/Miner.  For  each  fatigue  critical  location  a  set  of  S-N  data  is 
stored  in  an  EEPROM  for  easy  exchange  of  data.  The  damage  calculation  is  carried 
out  on  demand  only. 


-  RESULT  STORAGE 

The  actual  damage  sum  for  each  fatigue  critical  location  is  stored  in  an  NV  RAM,  the 
values  can  be  read  out  by  a  hand  held  terminal  on  demand.  The  individually  accumu¬ 
lated  deunage  rate  of  a  component  is  calculated  as  the  quotient  of  the  component  damage 
sum  to  the  allowable  damage  sum. 


Beside  the  above  described  function,  the  OBDCS  is  used  for  additional  tasks,  for  instance 
to  control  the  flight  limitations  and  other  defined  events. 


4.4  LOAD  CUMULATION  SYSTEMS  (LCS) 

At  the  moment  two  systems  are  taken  into  consideration: 

-  FATIGUE  GAUGE  (FG) 

The  FG  resembles  in  appearance  a  foil  strain  gauge.  When  bonded  near  a  fatigue  criti¬ 
cal  location,  the  FG  creates  an  electrical  resistance  change  as  a  function  of  the 
applied  load  [11]. 

For  evaluation  of  the  endured  fatigue  damage,  two  different  types  of  FG  are  necessary 
a  directly  bonded  FG  and  a  multiplied  FG. 

Fatigue  critical  locations  develope  in  most  cases  at  fastener  holes  with  no  direct 
accessability .  Fatigue  gauges  are  therefore  in  these  cases  not  applicable,  since  an 
direct  extrapolation  from  a  location  of  varying  stresses  is  impossible. 


Another  problem  arises  with  the  requirements  concerning  the  Ohmmeter  in  service 
usage.  The  measured  resistance  values  between  two  reading  Intervals  can  be  in  the 
range  of  the  measuring  accuracy.  Therefore,  FG's  are  used  until  now  only  in  labora¬ 
tory  applications. 


-  EMS  (SYSTEM  FOR  MONITORING  FATIGUE  LOADS) 

The  EMS,  under  development  by  CORNIER  is  based  on  specially  prepared,  polished  and 
annealed  metal  foils,  which  are  bonded  near  the  fatigue  critical  locations  of  compo¬ 
nents. 

A  restriction  is,  that  the  location  must  be  accessible  for  an  optical  reflectance 
measuring  (ORM)  system  (12] . 

FIG  12  describes  the  EMS  evaluation  steps: 
o  EMS  ON  FULL  SCALE  FATIGUE  TESTING 

For  full  scale  fatigue  testing  to  each  possible  fatigue  critical  location  an  EMS 
is  bonded.  At  defined  intervals  of  test  hours  the  momentary  degree  of  reflectivity  is 
monitored  with  an  ORM  System  and  related  to  the  initial  value  (relative  reflec¬ 
tivity)  .  The  allowable  life  is  defined  and  the  relative  reflectivity  is  registered. 

o  SPECTRUM  VARIATION 

Tests  with  special  specimens  are  carried  out  whose  stress  distribution  equals  as 
far  as  possible  that  of  the  FSFT  with  a  variation  in  frequency  and  amplitude  of 
the  stress  at  a  defined  fatigue  critical  loaction.  Simulation  of  the  variation  in 
service  gives  the  basis  for  the  fatigue  monitoring  program. 

o  FATIGUE  MONITORING  WITH  EMS 

Each  individual  aircraft  of  a  certain  fleet  will  be  supplied  with  one  or,  for 
redundance,  two  EMS  at  each  fatigue  critical  location  found  in  the  tests. 

At  defined  intervals,  about  once  a  month,  the  EMS  reflectivity  is  registered  with 
the  ORM  system  and  sent  to  the  CEO.  The  reported  reflectivity  values  are  inter¬ 
polated  to  the  "life  line"  from  which  the  consumed  life  and  the  remaining  life 
will  be  calculated. 


At  the  moment  two  foil  materials  are  under  evaluation:  aluminium  and  tin. 

Tin  has,  compared  with  aluminium,  a  higher  sensitivity  but  likewise  a  higher  failure 
rate.  This  problem  has  to  be  solved  before  operational  usage  comes  into  question. 


5.  VERIFICATION  OF  FATIGUE  LOAD  MONITORING 

The  validity  of  recorded  loads  can  be  confirmed  by  investigation  of  cracks 
occuring  during  operational  usage.  A  striation  counting  method  was  developed  in  order 
to  correlate  the  calculated  or  measured  stress  cycles  to  the  crack  propagation  investi¬ 
gated  on  the  failed  component  [13]. 

Exemplified  on  a  crack  which  occurred  on  the  lower  skin  of  a  fighter  bomber  aircraft, 
this  method  will  be  described  (Fig.  13): 


o  The  cracked  bolt  hole  was  cut  out  from  the  damaged  component  and  subsequently  opened 
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o  Under  the  electronic  scanning  microscope  the  striations  were  counted  as  a  function 
of  the  crack  length  and  integrated  over  the  full  crack  length. 

o  The  individual  load  sequence,  in  this  case  counting  accelerometer  readings  was 
randomized  to  a  vertical  acceleration  sequence  and  was  treated  with  the  transfer 
function  to  get  the  stress  sequence. 

o  A  crack  propagation  calculation  with  variable  parameter  along  with  a  linear  damage 
calculation  according  to  Palmgren-Miner ' s  theory  was  carried  out  and  correlated  with 
the  striation  evaluation.  As  a  result  of  this  analysis  different  measures  have  to  be 
taken: 

-  Adaption  of  the  fatigue  allowables  in  form  of  damage  3ums 

-  Correction  of  the  crack  propagation  calculation  parameters,  expecially  the  retar¬ 
dation  behavior  parameters 

-  Revision  of  the  transfer  functions  in  order  to  improve  the  assumptions  concerning 
the  estimated  parameters 

With  the  principles  of  fracture  mechanics  the  applied  fatigue  load  monitoring  proce¬ 
dures  can  be  verified  by  analysis  of  service  cracks,  if  these  are  utillzable. 


6  .  BENEFITS  OF  LOAD  MONITORING  FOR  OPERATIONAL  AIRCRAFT  USAGE 

All  optimized  fatigue  relevant  maintenance  need  to  be  based  on  the  operational 
loads  occurring  in  a  definite  interval. 

Taking  into  account,  that  the  fatigue  strength  and  the  initial  flaw  distribution 
of  a  structural  component  scatters  due  to  manufacturing  influences  such  as  drilling  holes 
and  milling  notches  with  blunt  tools  as  well  as  heat  treatment  processes,  a  possible  "weak" 
element  containing  a  flaw  resulting  in  a  low  fatigue  strength  with  a  defined  low  probabi¬ 
lity  has  to  be  considered. 


O  SAFE  LIFE  STRUCTURES 

If  no  individual  aircraft  tracking  program  with  load  monitoring  is  carried  out  for 
safe  life  designed  structures,  the  Interaction  of  scatter  in  strength  and  loading  must 
be  considered  (FIG  14): 

-  For  a  fatigue  critical  component  the  statistical  distribution  of  the  test  hours 
related  to  the  reference  spectrum  at  the  allowable  crack  length  is  calculated.  The 
allowable  crack  length  depends  on  the  associated  maintenance  action:  e.g.  economic 
repair  by  reaming  the  hole  or  exchange  of  the  part,  but  also  from  inspection  method 
and  degree  of  inspectabllity. 

Based  on  results  from  a  lot  of  representative  tests  for  the  standard  deviation  of 
fatigue  strength  a  average  value  of  Sj,  =  0.1299  or  a  scatter  of  1:2.15  is  assumed. 
In  order  to  get  the  mean  value  of  the  total  population,  a  risk  factor  is  introduced, 
calculated  according  to  logR  »  with  n  being  the  number  of  test  specimens. 
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-  With'  fatlque  load  monitoring  generally  the  scatter  for  the  fatigue  strength  needs 
be  considered  because  for  each  individual  aircraft  the  fatigue  relevant  loads  are 
known.  The  probability  of  occurance  of  the  allowable  crack  length  is  a  function 
of  the  structural  safety  class  and  typically  ranges  from  10  to  10  for  highly 
critical  parts. 

-  Without  fatigue  load  monitoring  the  interaction  of  fatigue  strength  and  the  loa¬ 
ding  variation  has  to  be  considered  The  standard  deviation  of  -oading  is  normally 
determined  from  the  measured  portion  of  the  1000  flight  hours  related  damage  sums 
of  aircrafts  in  a  defined  squadron  type.  Dependend  on  the  flown  sorties,  the  stan¬ 
dard  deviation  of  loading  varies  for  combat  aircraft  in  the  range  from  0.10  to 
0.16,  for  transport  aircraft  from  0.11  to  0.15.  related  to  1000  flight  hours  damage 
sum. 


In  FIG  15  the  gain  in  operational  fatigue  life  due  to  load  monitoring  as  a  functi  .  of 
the  loading  scatter  is  shown  for  discrete  probabilities  of  damage  occurance.  As  it 
can  be  seen,  fatigue  relevant  maintenance  actions  are  necessary  in  average  25  %  to 
100  *  rater  with  I AT,  depending  on  the  loading  scatter  and  the  probability  of 
damage  occurance. 

IAT  is  particularly  effective  if  the  flown  missions  vary  in  a  large  scale.  This  is 
the  case  when  secondary  roles  supplement  the  primary  role,  for  instance  when  rec- 
connaissance  missions  are  extended  by  air  to  ground  or  air  to  air  missions. 


o  DAMAGE  TOLERANCE  STRUCTURES 

For  damage  tolerant  structures,  monitored  by  counting  accelerometers  and  digital 
recorders,  a  level  related  damage  index  can  be  determined,  so,  that  the  g-level  corre¬ 
lated  portion  of  crack  propagation  gives  the  allowable  number  of  cycles  until  failure 
occurs  (FIG  16). 

If  the  fatigue  relevant  loads  are  not  individually  monitored,  for  instance  by  coun¬ 
ting  accelerometers  (CA) ,  a  damage  index  related  to  one  flight  hour,  is  calculated, 
so,  that  a  defined  probability  of  occurance  is  covered.  FIG  6  demonstrates  a  charac¬ 
teristic  example  for  the  flight  hour  dependent  scatter  of  loading  with  the  damage 
index  for  unmetered  flight  time  in  relation  to  load  monitored  flight  time. 


I 


7.  CONCLUSIONS 

Fatigue  load  monitoring  i-  an  effective  tool 

-  to  reduce  maintenance  expense  bv  individual  adar  ion  of  the  regis  red  fatigue  rele¬ 
vant  loads  for  each  critical  location 

-  to  extend  fatigue  life  beyond  the  planned  operational  period  with  determination  of 
the  additional  structural  improvements 

-  to  predict  the  date  of  maintenance  action  in  order  to  provide  the  necessary  personnel, 
tools,  jigs  etc. 


It 


4 
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The  moot  suitable  data  acquisition  system  for  fatigue  load  monitoring  can  be  determined 
by  the  following  criterias  (PIG  17): 

-  location  of  the  fat.'gue  critical  area 

-  hardware-  and  evaluation  costs  in  relation  to  the  effected  maintenance  effort 
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FIG.  1  CALCULATED  DAMAGE  FOR  THE  LOWER  WING  SKIN  (FIGHTER  COMBER  SQUADRON) 
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FIG.  9  PRINCIPLE  OF  MECHANICAL  STRAIN  RECORDER  (MSR) 
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TRINGER 

FIG.  10  INSTALLATION  OF  M  SR  ON  A  WING  STRUCTURE 
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ABSTRACT 

In  this  paper  structural  flight  load  testing  is  reported.  Procedures  presented  as  an 
example  here  were  used  for  flight  testing  on  different  types  as  fighters  and  military 
and  civilian  transport  aircrafts. 

It  is  described  to  obtain  flight  loads  from  calibration  methods  including  strain 
gauge  bridge  selections.  There  are  several  evaluation  methods  for  short  and  long  flight 
periods  to  check  design  loads  for  static  and  fatigue  criteria.  The  Maximum  Likelihood 
method  is  used  to  investigate  aerodynamic  coefficients.  Counting  procedures  are  used 
for  statistical  purposes. 


I.  INTORDUCTION 

Load  measurements  serve  to  check  for  adequate  dimensioning  of  static  and  dynamic  load 
cases  as  well  as  establishing  critical  loads,  which  are  not  adequately  covered  by  rele¬ 
vant  specifications.  Such  measurements  are  a  requirement  of  military  and  civilian 
specifications  and  regulations. 

The  MIL-A-8871  specifications  require  for  certification  structural  flight  load  te¬ 
sting  in  a  very  complete  description  and  a  lot  of  measurements,  e.g.  wing  load  distri¬ 
butions  of  shear,  bending,  torsion  etc. .  This  specification  covers  also  flight  test 
requests. 

Of  late,  FAR  part  25  §  25.301  requires  such  flight  load  tests  for  commercial  aircrafts. 
But  additional  to  the  airworthiness  requests,  manufactures  of  military  and  civilian  air¬ 
crafts  are  interested  in  development  tests  for  loads,  'tresses  etc..  This  closes  a  lo¬ 
gical  circle,  which,  depending  on  the  progress  of  the  dimensioning  and/or  certification 
phase  consists  of:  model  testing,  determination  of  input  data  for  calculation  of  sectio¬ 
nal  load3,  static  and  dynamic  tests  and  finally,  control  in  form  of  flight  testing  in¬ 
corporating  the  determination  of  the  stationary  and  dynamic  behaviour  of  the  overall 
aircraft  and  its  components. 

For  checking  of  the  assumed  load  spectra  for  the  fatigue  test,  long-time  lnservice 
measurements  are  taken.  The  measured  data  (component  loads,  accelerations  deflections 
of  rudder  etc.)  are  assessed  on  the  basis  of  statistical  procedures  and  thus,  the  actual 
load  spectra  derived.  These  results  are  taken  as  a  basis  for  a  comparison  with  and/or 
the  required  correction  of  the  assumed  load  spectra. 

An  analysis  of  these  load  measurements  in  a  positive  case  allows  interference  in 
frequently  very  costly  major  tests  to  achieve  economical  corrections.  In  the  opposite 
case,  i.e.  with  a  prevailing  negative  result,  the  analysis  facilitates  the  elimination 
of  weaknesses  prior  to  commencement  of  production. 

Additionally,  information  is  available  which  will  provide  more  exact  flight  computer, 
simulator,  control  unit  and  flight  control  system  inputs,  this  acquiring  relevancy  for 
direct  lift  control,  manoeuvre  load  control,  gust  reduction  etc. 

These  load  measurements  are  based  on  strain  gauges  installed  in  the  aircraft.  The 
gauges  permit  precise  load  measurements  when  they  are  sensibly  arranged  and  calibrated. 

The  incorporation  of  data  describing  the  flight  condition  (movement  parameters) 
enables  an  analysis  of  load  portions. 


II.  CALIBRATION  PROCEDURE  AND  STRAIN  GAUGE  BRIDGE  SELECTION 


Calibrated  strain  gauges  are  commonly  used  to  obtain  flight  loads.  They  are  in¬ 
stalled  at  those  places  of  the  structure,  which  are  assumed  to  show  linear  relation¬ 
ship  towards  loading.  As  a  rule  shear  bridges  are  bonded  to  spar  webs,  bending  bridges 
onto  spar  flanges  or  stringers  and  torsion  bridges  onto  the  skin.  The  load  calibration 


will  be  performed  by  applying  discrete  loads  in  a  grid  pattern  over  the  surface.  Strain 

outputs  & _  as  a  nondimensional  gauge  response  due  to  load  will  be  recorded.  So  a 

H  6cqI 

load  equation  can  be  developed  in  the  following  form: 


L  =  t  n,  pj  u3  p,  1 


L  is  the  load 

8  is  the  influence  coefficient 


In  general  form  the  calibration  procedure  is  described  in  NACA  Report  1178.  [1  ] 

A  rectangular  matrix  system  is  generated,  whose  load  vectors  may  alternately  be  shear 
banding  or  torsion.  The  following  example  contains  n  loads  and  j  strain  bridge  outputs. 
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The  solution  of  this  overdetermined  equation  system  n  »  j  is  conditioned  by  the  non-llnea 
rity  of  measured  values,  i.e.  this  equation  system  is  solved  for  |P)j]  ,  according  to 
the  method  of  least  squares.  Thus  an  influence  coefficient  is  derived  for  each  bridge. 

Retroactively,  a  control  vector  for  each  calibrated  load  of  the  measured  load  can  be 
calculated  from  solution  6.  For  this,  the  difference  between  applied  and  measured  cali¬ 
bration  is  derived  as  follows) 

1M  ■  !M  -  lL'! 


Thus,  the  following  probable  error  of  the  load  vector  results) 

PE  <L)  *  0.6745  'j 

'  n-lj-l) 


Error  estimation  of  the  influence  coefficients  for  each  bridge  are  achieved  by  using 
terms  (variances)  of  the  main  diagonal  of  the  following  matrix) 
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'From  this,  the  deviations  of  the  fl  -  values  are  obtained) 


•pE.(fl„!' 
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P.E.  (a)  must  be  understood  as  a  scatter  value  of  the  coefficients.  Thus  redundant  and 
irrelevant  bridges  can  easily  be  detected  and  sorted  out.  However,  during  the  frequent¬ 
ly  time  -  critical  calibration  phase  it  would  be  too  troublesome,  to  manually  prepare 
a  new  combination  of  matrices  subsequent  to  the  solution  of  the  first  equation  system 
and  the  first  P.E.  (a).  This  will  never  be  optimal. 

The  evaluation  of  the  calibration  will  be  done  by  computer  program  automatically) 

All  bridges  are  always  incorporated  into  the  matrix  to  determine  0-  values  and  error 
outputs.  Subsequently  the  program  generates  the  quotient  BETA _  . 

P.E.  (BETA) 
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Thus  sorting  out  the  worst  response  column,  in  which  this  quotient  holds  the  smallest 
value.  In  doing  so,  the  first  "bad"  bridge  is  cancelled  and  the  procedure  automatically 
commences  with  a  new,  smaller  measuring  value  matrix.  This  procedure  is  applied  for  all 
load  vectors  until  only  one  bridge  is  left  over. 

The  error  of  the  load  is  by  no  means  at  a  minimum  when  incorporating  all  bridges.  On 
the  contrary  it  rises  upon  sorting  out  of  a  few  measuring  value  columns  and  rises  again 
when  a  small  number  of  bridges  prevails.  (See  figure  1) 


FIG.  1  ERROR  DUE  TO  BRIDGE  ELIMINATION 


When  selecting  the  bridges  the  decision  should  rather  be  made  in  favour  of  a  small 
number  of  bridges  with  a  reasonably  acceptable  error,  since  most  measuring  points  are  no 
longer  accessible  after  failure.  Even  in  case  of  a  bridge  failure  new  combinations  which 
can  be  calculated  beforehand  can  be  prepared. 

So  the  optimal  bridge  selection  can  be  carried  out  in  regard  to  load  error  and  number 
of  strain  gauge  bridges.  The  realization  can  be  done  either  in  generating  electrical 
bridge  summation  circuits  or  by  recording  single  bridge  responses  and  using  computer  to 
add  those  signals  to  obtain  pure  load  measurements. 

Electrical  combinations  have  been  successfully  used  in  flight  load  testing  of  military 
aircrafts  TRANSALL  C160,  VAK  19 IB,  TORNADO  undercarriages  and  in  the  aircraft  VFW  614. 


BENDING 


FIG. 2  INFLUENCE  COEFFICIENT  PLOTS 
R300-600  FIN  CALIBRATION 
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FIG. 2  INFLUENCE  COEFFICIENT  PLOTS 
0300 -SO 0  FIN  CALIBRATION 


III.  SURVEY  OF  EVALUATION  TECHNIQUES  AND  EXAMPLES 


In  order  to  check  assumptions  and  tests  relating  to  the  structure!  evaluations  must 
be  carried  out  for  the  entire  frequency  range  (O <  f &  5000  Hz).  In  the  case  in  question, 
a  distinction  is  made  between  dynamic  and  static  problems. 

To  permit  an  assessment  of  service  life  issues  on  the  basis  of  flight  tests,  it  is 
imperative  that  long-term  measurements  be  performed  with  definite  load  parameters.  Such 
long-term  measurements  must  cover  a  period  of  at  least  one  year  to  fulfill  certain  sta¬ 
tistical  safeties  and  to  make  allowance  for  seasonal  meteorological  influences.  More¬ 
over,  the  data  are  to  be  acquired  in  scheduled  service  in  order  to  obtain  information  on 
characteristics  typical  for  service  conditions. 

Statistical  counting  methods  are  employed  to  evaluate  such  a  large  quantity  of  data. 
Detailed  descriptions  of  this  are  given  in  the  references.  [lO] ,  [11 ] 

Standard  methods  worth  mentioning: 

-  range  pair 

-  level  crossing 

-  peak  counting 

-  rain  flow 

These  are  one-dimensional  methods  describing  the  measured  parameter  as  a  function  of 
the  frequency. 

Two-dimensional  methods  are  also  applied,  showing  the  dependence  of  two  parameters  as 
a  function  of  the  frequency.  (Example:  connection  between  vertical  tail  load  and  the 
roll  moment  at  the  horizontal  tall  or  the  landing  gear  loads  in  forward  and  lateral  di¬ 
rection)  . 

Long-term  measurements  involve  a  minor  test  scope  with  reference  to  the  life  of  an 
aircraft.  Extreme  value  distributions  are  used  for  extrapolation  of  the  evaluated  spec¬ 
tra  with  regard  to  the  life.  Unfortunately,  such  evaluations  of  scheduled  flights  are 
only  available  very  late,  so  that  it  is  necessary  to  perform  such  investigations  before¬ 
hand  during  flight  tests.  Many  ground  taxi  runs  and  ferry  flights  to  test  locations  can 
be  used  for  this  purpose. 

In  point  of  fact,  the  result  of  long-term  measurements  serves  to  check  out  the  loads 
assumed  for  fatigue.  Corrective  measures  can  be  introduced  into  the  demonstration  cal¬ 
culations  and  tests.  Application  to  aircraft  variants  is  very  helpful. 

From  the  point  of  view  of  timing,  the  check  of  static  demonstrations  is  more  favourab¬ 
le.  Structural  flight  tests  should  commence  early  on  in  the  flight  testing  phase. 
Corresponding  regulations  give  definitions  of  the  flight  conditions  with  which  the  load 
level  is  checked.  In  contrast  to  the  civil  regulations  FAR  25  §  301,  the  MIL  specifi¬ 
cation  of  the  structural  flight  tests,  detailing  the  components  and  locations  at  which 
loads  should  be  measured.  This  specification  gives  basic  values  of  the  flight  spectrum 
(e.g.  Mach  number,  altitude  combinations)  as  well  as  defined  abrupt  manoeuvres  with  the 
aim  of  reaching  a  predetermined  load  level.  Prior  to  completion  of  the  static  laborato¬ 
ry  tests,  80  %  of  the  limit  load  and  after  the  test  100  t  of  the  limit  load  must  be  de¬ 
monstrated  in  flight.  Extrapolation  to  the  limit  load  should  here  take  place  at  an 
early  stage. 

The  aim  is  to  disturb  the  dynamic  system,  i.e.  the  aircraft  in  such  a  way  that  a 
clear  answer  can  be  evaluated.  An  abrupt  short  manoeuvre  is  very  unsuitable  for  this. 
Although  a  high  load  level  is  reached  for  a  short  time,  the  dynamic  inforroatory  content 
i3  small.  Control  surface  inputs  which  excite  the  aircraft  to  such  an  extent  that  both 
the  rigid-body  motion  and  phygoids  are  clear,  are  more  favourable. 
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Extensive  examinations  are  detailed  in  references  [8].  We  have  decided  in  favour  of  the 
multi-stage  signal  that  can  be  controlled  by  the  pilots. 


INPUT  SIGNAL; 


FIG.  3  FREQUENCY  D0T1RIN  COMPARISON 
OF  URRIOUS  INPUT  SIGNALS 


After  some  practice,  the  pilots  were  able  to  apply  the  control  surface  inputs  so  that 
the  power  spectrum  of  the  disturbance  is  Satisfactorily  complete. 


FIG. 4  PILOT  FLOUN  INPUT  SIGNALS 

*««  Ref.  a 


Aerodynamic  coefficients  obtained  by  way  of  wind  tunnel  measurements  and  satirical 
procedures  serve  as  a  basis  for  dimensioning  in  the  design  phase.  An  important  step  in 
the  certification  phase  during  flight  testing  is  to  check  these  values. 

In  the  past,  so-called  digital  matching  procedures  were  used  by  us  to  recalculate  the 
flight  load  parameters.  The  measurement  and  calculation  were  adapted  by  manually  mani¬ 
pulating  the  aerodynamic  coefficients  entered  into  the  mathematical  model.  This  proce¬ 
dure  is  uneconomical  because  it  requires  much  time  and  requires  considerable  experience 
on  the  part  of  the  user. 

Recently,  the  Maximum  Likelihood  procedure  has  been  used;  Details  will,  however,  not 
be  given  on  this  procedure  here  as  references  provide  an  extensive  description  of  it  [7], 
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FIG. 5  FLOU  CHART  OF  PARAMETER  IDENTIFICATION 


Based  on  the  good  cooperation  with  the  DFVLR  (German  aerospace  research  and  test  In¬ 
stitute)  In  Braunschweig  and  oberpfaffenhofen,  we  have  adapted  computer  programs  which 
are  used  with  and  without  Kalman  Filters.  With  these  It  Is  possible  to  eliminate  both 
measurement  and  system  noise.  These  programs  have  been  adapted  to  our  purposes.  In 
other  words,  we  have  added  component  load  equations  to  the  system  output.  Parameter 
identification  was  successfully  achieved  on  the  strength  of  the  component  load  measure¬ 
ments: 

-  horizontal  tail  load 

-  wing  load 

-  vertical  tail  load 

The  following  gives  an  example  of  the  system  of  initial  magnitudes  for  longitudinal 
movement;  the  measurement  equation  set  contains  the  horizontal  tail  load: 
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Figure  6,  shows  the  adaptation  of  flight  measurement  and  calculation.  The  wind 
tunnel  parameters  always  served  as  initial  values  for  the  calculation.  The  resulti  par¬ 
ticularly  that  of  the  components,  was  fairly  good. 


Generally  speaking,  it  can  be  said  that  coefficients  applicable  to  the  overall  air¬ 
craft  can  also  be  determined  better  by  including  load  measurements. 


ISOi 


•100* - - - - - - - - 

oil  t  a  io  i2  u 
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FIG. 6  COMPARISON  OF  MEASURED 
AND  CALCULATED  LATA 
LONGITUDINAL  MOUEMENT 


These  short  time  measurements  are  used  to  recalculate  static  dimensioning  load  cases. 

That  means  evaluations  and  verifications  over  the  range  of  Ma,  altitude  and  dynamic 
pressure  are  extrapolated  to  the  static  design  load  cases. 

Concerning  in  flight  load  measurements  for  fatigue  at  the  TRANSALL  (C  160  A-04)  exten- 
tive  measurements  were  taken  in  military  training  operations  and  in  service  life.  (C160 
D4 1 )  . 

Exemples  given  in  this  report  were  selected  [Ref.  6]  from  service  life  measurements 
of  rudder-,  aileron-  and  elevator  deflections.  Additional  to  this  also  speed  and  alti¬ 
tude  were  recorded. 

Different  statistical  counting  methods  were  applied  for  evaluation  purposes  to  de¬ 
monstrate  the  correlations  of  one  parameter  to  each  other.  Also  diagrams  show  the  cohe¬ 
rence  of  moving  surface  deflections  Lo  the  dynamic  pressure  which  gives  the  information 
of  loadings.  These  joint  distributions  are  shown  on  FIG.  7  bis  11. 

Exploitations  were  reduced  to  1  hour,  unit  deflections  f  8,1,3  referen¬ 
ced  to  dynamic  pressure  at  VD  max  ^flection 
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FIG. 11  STATIST ICflL  CORRELATION  PLOTS 


E.G.  CORRELATIONS 

POUEASPECTRUM 

SYSTEfllDCHTIPlKATlOH 

C.6.  STATISTIC  COUNTINGS 

RESULTS.  AERODYNAMIC  DERIUATIUES 
LOADS  PROH  DCPIHED 
FLIGHT  HAHEUURES 

COMPARISON.  STRUCTURAL  STRENGTH 
CALCULATED  U1TH 
flight  tests 

COMPARISON,  CALCULATED  LOAD  SPECTRA 
MEASURED  LOAD  SPECTRA 

CERTIFICATION 


STATIC  TROOPS  - -  CHECK  ■  -  -  FATIGUE  TROOPS 

LOAD^LCVEL 

UILL  INFLUENCE.  STRUCTURAL  nOOIPICfitrOftS.  FLIGHT  EHUR-TPE 

<v.  r>7  .  LOAD  REDUCT  I OH  SYSTEMS,  COrtPFORT,  PLIGHT  PROCEDURES 

flight  simulators. 
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IV.  CONCLUSION  i 

Structural  flight  load  testing  is  an  important  part  of  the  certification  of  an  air¬ 
craft.  This  report  describes  calibration  of  strain  gauges  and  bridge  selection  and  eva- 
luation  of  flight  parameters,  for  fatigue  and  static  test  problems. 

For  aerodynamic  parameter  identification  an  optimum  input  is  necessary.  Maximum 
Likelihood  withKalman  Filter  is  a  wellknown,  efficient  method  for  parameter  identifica¬ 
tion.  In  addition  to  this  fatigue  evaluations  of  moving  surface  deflections  in  Service 
flights  were  shown.  Extrapolations  from  short  and  long  time  measurement  closes  the  loop 
from  flight  testing  to  static  and  fatigue  tests. 
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Four  main  topics  emerged  in  the  discussion.  These  were  identified  as: 

Confidence  in  the  system 
Accuracy  and  reliability 
Economics  of  load  measurement 
Value  of  on-board  processing. 

1.  Confidence  in  the  System 

A  clear  distinction  was  drawn  between  the  measurement  of  loads  on  aircraft  and  those 
on  engine  components.  Engine  loads  could  be  more  easily  related  to  a  datum  test,  so  that 
life  to  first  crack  could  be  estimated.  Airframe  fatigue  behaviour  could  only  be  based 
on  a  ma-'or  test;  the  representation  of  the  loads  on  the  specimen  was  of  fundamental 
importance.  The  more  closely  the  loads  resembled  service  experience,  the  greater  the 
confidence  in  the  results.  It  was  pointed  out,  however,  that  ultimately  all  fatigue 
analysis  depended  on  Miner's  Law,  and  no  progress  had  been  made  towards  a  more  cumulative 
damage  assessment.  Scatter  was  still  of  the  order  of  5:1,  although  large  samples  from  a 
fleet  over  long  periods  of  time  showed  lower  levels  of  scatter. 

Confidence  also  depended  on  the  airborne  testing  which  preceded  service  flying  and 
on  the  number  of  aircraft  in  a  fleet  fitted  with  operational  loads  measurement  (OLM) 
instrumentation.  Correlation  with  the  remaining  aircraft  was  needed  on  a  mission  basis. 

2.  Accuracy  and  Reliability 

Questions  were  raised  regarding  the  reliability  of  strain-gauges,  which  could  be  in 
service  for  long  periods.  Users'  experience  was  generally  very  good,  even  after  long 
periods  in  storage.  More  trouble  was  experienced  with  recording  systems. 

There  were  also  queries  regarding  the  accuracy  of  the  Dornier  reflectivity  gauge, 
and  the  difficulties  inherent  in  separating  flight  loads  from  the  ground-to-air  cycle. 
This  gauge '8  shortcomings  appeared  to  be  offset  by  its  cheapness,  and  by  the  absence  of 
other  simple  damage-measurement  equipment  with  reasonable  reliability. 

Spectrum  truncation  wa3  noted  as  a  further  source  of  inaccuracy.  The  errors 
inherent  in  calibrating  a  wing  in  isolation  from  its  fuselage  were  also  highlighted. 

3.  Economics  of  Load  Measurement 

Provided  sufficient  aircraft  in  a  fleet  could  be  monitored,  OLM  could  show 
significant  cost  savings.  It  was,  of  course,  necessary  to  conduct  a  major  fatigue  test 
(costing  say  £10M) ,  and  the  cost  of  simple  instrumentation  (counting  accelerometers) 
across  the  fleet  might  add  a  further  E2M.  More  comprehensive  instrumentation  on  selected 
aircraft  would  increase  the  cost,  but  major  savings  in  rework  programmes  costing  between 
E30M  and  E100M  could  be  anticipated  due  to  greater  accuracy  in  life  calculations. 

4.  Value  of  On-Board  Processing 

As  in  (1)  above,  comparisons  were  drawn  between  engine  and  airframe  practice. 
Whilst  on-board  processing  was  accepted  for  engine  data,  there  were  two  reasons  why  it 
was  not  considered  suitable  for  airframes: 

(a)  The  fatigue  test  may  not  be  complete,  thus  preventing  the  establishment  of  a 
reliable  S-N  curve.  whilst  on-board  processing  could  provide  an  interim  result,  the 
range  mean  pairs  analysis  should  be  retained  for  later  evaluation. 

(b)  Since  it  was  not  a  'drop-dead'  situation,  there  was  no  need  to  present  the  pilot  or 
groundcrew  with  an  immediate  answer.  On-board  processing  tended  to  over-simplify  the 
analysis,  and  there  was  always  time  to  complete  a  more  thorough  analysis  on  the  ground. 


t. 


i 

i 


TA 


ADVANCED  FATIGUE  MONITORING  ON  SERVICE  AIRCRAFT 


A  Walkden 


Structures  Depart  sent 

British  Aerospace  PLC  Aircraft  Group 

Manchester  Division 

Chester  Road,  Woodford 
Stockport  Cheshire  SK7  1QR 
United  Kingdom 


SUMMARY 

Advanced  fatigue  morr  cozing  is  currently  possible  via  on-board  digital  data  acquis¬ 
ition  systems  and  micropr  '-o.’.sora  using  measurements  of  strain  or  aircraft  motion  or 
both.  Before  embarking  on  a  fleetwide  fit  of  these  'advanced  fatigue  meters',  a  compre¬ 
hensive  understanding  of  aircraft  loading  and  fatigue  performance  is  required. 

This  paper  describes  an  exercise  on  an  RAP  aircraft  where  typical  service  data  have 
been  collected  to  a)  define  the  loading  actions  which  should  be  included  in  a  full  scale 
wing  fatigue  test;  b)  enable  theoretical  fatigue  lives  for  wing,  tailplane,  fin  and 
undercarriage  to  be  calculated;  c)  define  which  parameters  might  be  measured  in  a 
comprehensive  fit  of  advanced  fatigue  meters  so  that  the  life  of  the  main  structural 
components  of  each  aircraft  could  be  accurstely  measured. 


1.  INTRODUCTION 

The  fatigue  meter  has  provided,  and  continues  to  provide,  valuable  data  from  service 
aircraft.  In  conjunction  with  results  from  full  scale  or  detail  fatigue  tests,  whose 
load  spectra  are  usually  derived  from  fatigue  meter  returns,  it  has  given  us  all  an 
enlightening  insight  into  the  problems  of  realistic  fatigue  life  monitoring.  The  many 
unexpected  in-service  fatigue  failures  over  the  years  have,  however,  demonstrated  the 
limitations  of  both  the  fatigue  meter  and  fatigue  testing  based  ot.  theoretical  load 
spectra.  The  current  cost  of  the  vehicle,  its  relative  scarcity  and  the  political  and 
economic  necessity  of  a  long  service  life  require  that  for  the  most  cost-effective 
management  of  the  fleet  the  fatigue  performance  of  the  structure  must  be  more  accurately 
assessed  and  the  accumulation  of  fatigue  damage  in  each  airframe  more  accurately  moni¬ 
tored.  This  paper  describes  how  we  are  approaching  the  problem  on  the  Nimrod  fleet. 

The  fatigue  evaluation  of  any  structure  requires  two  pieces  of  data:  the  fatigue 
resistance  of  the  structure  and  the  load  spectrum  encountered.  The  Nimrod  structure  is 
based  on  the  Comet  4  airliner  whose  fatigue  resistance  was  established  some  years  ago 
by  a  major  test  with  loading  presumed  typical  of  that  encountered  by  such  aircraft.  The 
operational  environment  of  the  military  Nimrod  is  of  course  vastly  different  to  that 
encountered  by  the  airliner.  Wing  life  as  calculated  via  a  fatigue  meter  formula  based 
on  the  early  test  becomes  more  marginal  as  the  aircraft  develops  with  increasing  AUW 
and  new  roles.  This  state  of  affairs,  coupled  with  results  from  an  earlier  OLM  programme 
on  a  tanker  aircraft  where  the  fatigue  meter  based  formula  was  subsequently  discovered 
to  grossly  underestimate  wing  fatigue  damage,  led  to  the  decision  to  carry  out  a  new 
test  on  a  Nimrod  wing.  In  order  to  derive  representative  data  for  this  new  test  the 
Nimrod  Operational  Flight  Load  Measurement  programme  (NOFLoMP)  was  developed.  The  eims 
of  the  NOFLoMP  were:  i)  to  co-ordinate  the  service  vehicle  and  full  scale  wing  fatigue 
test  specimen  by  measuring  typical  loads  on  the  former  and  then  applying  these  loads  to 
the  latter;  ii)  to  provide  realistic  stress  spectra  from  which  the  fatigue  life  of  the 
fleet  could  be  more  accurately  calculated  and  give  advanced  warning  of  potential  fatigue 
problems  in  all  major  structural  components  based  on  current  assessments  of  the  fatigue 
resistance  of  those  structures;  iii)  to  help  indicate  which  parameters  could  be  measured 
in  a  fleetwide  fit  of  an  advanced  fatigue  meter  which  would  monitor  all  major  structural 
components . 
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To  achieve  thepe  aims  a  standard  Nimrod  MR  Mk  2  aircraft  has  been  extensively 
instrumented  (Ref  1 )  and  during  two  years  service  operation  a  representative  aeries  of 
sortie  profiles  have  been  flown  and  recorded  data  are  being  analysed.  The  following 
paragraphs  detail  the  instrumentation  and  describe  the  methods  of  analysis. 

2  .  NOFLoMP  -  MECHANICS  OF  THE  SYSTEM 

2 .1  Sampling  Rates 

A  total  of  96  strain  gauge  bridges,  17  accelerometers  and  34  general  and  monitoring 
parameters  were  defined  aa  the  total  instrumentation  requirement.  Past  exercises  had 
demonstrated  that  measurement  of  strains  in  major  components  of  large  aircraft  for  fatigue 
analysis  was  satisfactory  using  20Hz  low  pass  filters  with  FM  recording.  Using  this  as 
a  basis  coupled  with  a  decision  that  7  samples  per  cycle  would  give  good  definition  led 
to  a  maximum  sampling  rate  of  140  per  second.  This  was  used  for  all  accelerometers 
(except  those  at  the  aircraft  eg)  and  fin,  tailplane  and  undercarriage  strain  gauges. 

The  wing  strain  gauges  and  other  parameters  were  sampled  70  times  per  second  in  conjunc¬ 
tion  with  10Hz  low  pass  filters.  The  sampling  rate  for  general  parameters  (eg  speed, 
altitude)  is  obviously  over  generous  but,  since  the  chosen  system  capacity  was  adequate, 
maintenance  of  only  two  sampling  rates  led  to  easier  data  handling. 

2 .2  Recording  System 

Data  are  recorded  on  to  25mm  14  track  magnetic  tape  via  a  Base  10  K  series  data 
acquisition  unit  with  High  Bit  Rate  system  which  writes  to  the  tape  in  serial/parailel 
format  The  tape  recorder  is  an  Ampex  AR  1700  model  which  runs  at  47.6mm/sec.  With  the 
chosen  sampling  rates,  47  x  10®  pieces  of  information  are  recorded  per  flying  hour  and 
one  tape  will  record  about  12  hours  flying. 

Initially  the  strain  gauger  were  supplied  by  a  single  12v  power  pack  but  it  was  soon 
clear  that  this  was  unsatisfactory.  To  prevent  corruption  or  loss  of  all  data  as  n  result 
of  one  malfunction  8  power  packs  were  fitted,  each  supplying  some  12  strain  gauge  bridges. 

2 .3  Strain  Gauge  Positions  and  Load  Measurement 
2.3.1  Wing 

Strain  gauges  have  been  attached  at  four  sections  on  both  port  and  starboard  wings 
for  the  determination  of  shear,  bending  and  torque  as  shown  in  Fig  1.  Preliminary  tests 
on  a  time-expired  Comet  at  RAE  Farnborough  enabled  sensible  positions  for  these  gauges 
to  be  determined,  and  only  minor  development  on  the  Nimrod  was  required.  From  an  exten¬ 
sive  series  of  calibration  tests,  a  regression  analysis  has  produced  coefficients  which 
when  multiplied  by  strain  gauge  outputs  will  determine  shear,  bending  moment  and  torque. 
The  accuracy  of  predicting  the  applied  test  loads  via  these  coefficients  is  at  worst 
5%  for  shear,  3%  for  bending  moment  and  4%  for  torque  at  typical  lg  flight  conditions. 

Accelerometers  are  positioned  on  each  wing  at  the  tip,  underwing  pod  fuel  tank, 
outboard  engine  rib  and  aircraft  eg  to  help  understand  loading  actions  and  enable  the 
inertia  loads  due  to  large  concentrated  masses  to  be  determined. 

Aileron  and  flap  loads  are  deduced  by  measurement  of  the  control  surface  actuating 
rod  loads  (ie  hinge  moments)  and  the  application  of  theoretical  load  distributions. 

Main  undercarriage  side  and  vertical  loads  are  measured  via  strain  gauged  elements 
,  within  the  undercarriage,  and  drag  load  via  a  reaction  member  within  the  wing.  The  effect 

on  the  local  wing  structure  of  the  undercarriage  loads  is  monitored  by  measurement  of 

i  shear  in  the  undercarriage  rib  and  end  load  strains  in  the  rear  spar. 

; 

}  Strain  gauges  are  attached  at  known  fatigue  critical  areas  and  also  in  suitable 

£  locations  to  measure  general  stresses  along  the  wing.  These  'fatigue  monitoring'  gauges 

£  are  used  to  indicate  fatigue-damaging  events  which  are  required  to  be  reproduced  on  the 

I  fatigue  test . 
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2.3.2  Tailplane 

At  three  sections  on  the  port  tailplane  and  one  on  the  starboard,  strain  gauges 
are  attached  for  prediction  of  bending  moment  and  torque  only.  Coefficients  produced 
from  a  regression  analysis  of  a  number  of  tests  predict  the  applied  tesc  loads  with 
rather  less  accuracy  than  was  achieved  or,  the  wing.  Elevator  control  rod  loads  are 
monitored  to  give  a  measure  of  hinge  moments.  Fig  2  shows  the  tailplane  strain  gauging. 

2.3.3  Fin 

Gauges  were  attached  to  the  front  and  rear  spar  booms  at  the  root  to  measure  general 
stresses  only,  the  interaction  between  main  and  dorsal  fin  sections  precluding  a  simple 
load  measuring  exercise. 

2  .3  .4  Fuselage/Wing  .Tnteraction  leads 

Links  which  attach  th'e  wing  lower  spar  booms  to  the  fuselage  at  the  bodystde  rib 
are  instrumented  and  load  calibrated.  Since  lateral  bending  of  the  spar  booms  results 
from  the  interaction  of  wing  and  fuselage  loads  via  these  links,  a  comparison  between 
such  loads  on  the  test  specimen  and  flying  aircraft  is  another  aid  in  ensuring  a 
representative  test. 

2 .4  Uata  Validity  Checks 

2.4.1  Verification  of  Electrical  Calibration 

As  part  of  the  instrumentation  switch  on  and  off  procedure  on  the  aircraft,  a  known 
resistance  is  applied  in  parallel  with  one  arm  of  each  strain  gauge  bridge.  On  receipt 
of  the  computer  tape  of  flight  data,  on  automatic  computer  check  and  princ  out  showing 
strain  gauge  output  with  and  without  the  shunt  applied  together  with  a  list  of  gauges 
whose  change  of  output  is  outside  a  prescribed  tolerance  is  presented  before  a  decision 
to  proceed  with  further  analysis  is  taken. 

2.4.2  Aircraft  on  Ground 

From  the  flight  data  a  point  is  chosen  with  ,-he  aircraft  stationary  on  the  ground 
before  and  after  flight,  at  known  weight  and  fuel  distribution,  and  a  check  on  the 
outputs  from  all  channels  is  taken.  For  each  wing,  undercarriage  and  fuselage  strain 
gauge,  an  equation  has  been  prepared  showing  output  expected  with  aircraft  weight  and 
fuel  distribution.  Other  channels  also  have  a  known  state,  eg  accelerometers  at  lg; 
fin  and  tailplane  outputs  at  near  zero.  A  computer  check, lists  expected,  measured  and 
error  values. 

2.4.3  Aircraft  in  Flight 

Test  flights  have  been  carried  out  with  the  ir.3trumented  aircraft  when  a  series  of 
lg  level  flight  trim  points  and  controlled  symmetric  and  asymmetric  manoeuvres  were 
performed  over  a  range  of  speeds,  altitudes,  all  up  weight  and  fuel  distribution.  These 
test  flights  are  an  important  aid  to  help  verify  the  flight  loads  predicted  via  the  loads 
regression  coefficients,  and  also  give  datum  values  for  strain  gauge  outputs  in  case  of 
doubt  with  other  data  verification  methods. 

2.4.4  Reference  Measurements 

Bridge  and  amplifier  voltages,  together  with  outputs  from  reference  strain  gauges 
mounted  on  unrestrained  plates,  are  plotted  for  each  full  flight  and  manually  inspected 
for  errors. 

3.  DATA  HANDLING 


The  computer  system  starts  with  the  Pulse  code  Module  cion  (PCM)  tape  from  the 
aircraft.  This  tape  contains  data  from  105  sources  sampled  70  times  per  second  and 
42  sources  sampled  140  times  per  second.  The  PCM  tape  will  hold  about  12  hour's  worth 
of  data.  The  first  step  in  the  analysis  chain  is  a  validity  check  on  the  PCM  tape  to 
ensure  that  the  signal  strength  on  each  track  is  sufficient  and  that  the  time  base  is 
correct  so  that  the  replay  head  will  lock  on.  The  tape  is  then  processed  to  create  a 
set  of  Computer  Compatible  Tapes  (CCTs) .  Removing  all  data  from  the  PCM  results  in  each 
CCT  containing  about  20  minutes  of  flight  data  so  that  a  6  hour  flight  produces  18  or 
19  CCTs.  This  processing  is  carried  out  using  PDP  11/44  and  11/45  computers. 
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This  first  set  of  CCTs  are  then  fed  to  a  dedicated  VAX  11/780  computer  and  undergo 
the  verification  process  described  in  para  2.4.1.  The  verification  indicates  if  any 
data  channels  are  totally  unserviceable  and  whether  further  processing  of  the  CCTs  is 
justified. 

Assuming  that  continuation  i  >  signified,  the  next  stage  is  the  two-rate  data 
compression  which  produces  a  second  and  smaller  set  of  CCTs.  At  the  same  time  data  are 
checked  for  various  errors  and  corrected  where  possible. 

Single  point  drop-outs  are  dealt  with  automatically  during  the  data  compression 
stage  and  are  overwritten  by  the  value  of  the  proceeding  data. 

Interference  due  to  high  frequency  (HF)  radio  transmissions  has  been  encountered. 
Fitting  of  suitable  capacitors  to  all  amplifier  inputs  has  eradicated  the  interference 
except  at  frequencies  of  16  and  18MHz.  Since  the  time  spent  HF  transmitting  is  generally 
small  (a  total  of  10  minutes  in  a  six  hour  flight  being  typical)  a  monitor  has  been 
fitted  to  indicate  when  transmissions  are  taking  place,  luring  the  compression  phase  of 
data  handling  a  mask  is  introduced  at  these  times  so  that  data  are  ignored  by  fatigue 
analysis  programs  during  the  relevant  periods. 

Data  from  this  second  set  of  CCTs  are  plotted  using  a  Versatec  V80  electrostatic 
line  printer  and  the  results  inspected  for  a  final  visual  channel-by- channel  verification. 
Any  remaining  spikes,  datum  shifts,  etc  have  to  be  found  by  inspection  of  the  plotted 
data .  If  a  particular  channel  contains  many  spurious  points  it  would  normally  be  regarded 
as  unserviceable  and  not  analysed  for  that  flight.  Isolated  spurious  data  are  dealt 
with  by  inputting  the  relevant  time  to  a  masking  program  which  is  then  incorporated  into 
a  tape  copying  process  to  create  a  replacement  COT  from  the  second  set.  For  security  a 
duplicate  set  of  CCTs  is  made  and  stored  separately. 

3 .2  Data  Compression 

The  high  sampling  rates  used  on  this  exercise  were  intended  to  ensure  that  no  sig¬ 
nificant  stress  peak  or  trough  was  omitted  from  the  recorded  data.  The  volume  of  data 
thus  acquired  is,  however,  far  too  great  to  process  in  full,  and  the  objective  of  the 
data  compression  process  is  to  reduce  the  data  to  those  which  are  significant  from  a 
fatigue  viewpoint. 

The  concept  of  data  compression  is  based  on  a  combination  of  two  self-evident  ideas 
i)  that  fatigue  damage  (and  fatigue  test  loading  cycles)  occur  during  times  of  structural 
(or  aircraft)  activity,  and  ii)  that  significant  parts  of  the  flight  are  quiescent.  Such 
behaviour  was  observed  on  an  earlier  exercise  on  tanker  aircraft.  Hence  arises  the  idea 
of  deleting  or  'compressing'  the  non-active  parts  of  the  flight,  by  drastically  reducing 
the  sampling  rate  during  such  periods. 

In  principle  the  data  compression  works  as  follows  (see  •  4);  on  a  trace  of  strain 

or  acceleration,  structural  activity  is  associated  with  the  .„  ir  excursions  from  the 
local  mean  or  quiescent  level.  The  computer  is  programmed  to  monitor  a  number  of  channels 
(referred  to  as  'trigger  channels')  and  to  search  for  large  excursions.  When  one  is 
found,  the  fast  sampling  rate  is  switched  on  (or  'triggered')  and  remains  so  until  the 
trigger  channel  returns  to  near  its  local  mean. 

In  practical  terms  the  system  is  more  sophisticated  than  outlined  above,  mainly  as 
the  result  of  experience.  The  following  detailed  description  covers  the  current  state 
of  the  art  which  we  feel  is  a  viable  system. 

As  previously  stated  the  fast  sampling  rates  are  70  and  140  samples  a  second  for 
low  and  high  rate  channels  respectively.  The  corresponding  slow  sampling  rates,  for  use 
when  there  is  no  structural  activity,  are  1  and  2  samples  a  second.  Thus  if  a  flight 
were  totally  quiescent,  a  compression  ratio  of  70:1  would  be  achieved. 

The  triggering  works  on  a  bandwidth  concept  which  in  practice  has  two  forms  known 
as  'fixed'  ••■nd  'floating'.  Under  the  'fixed'  technique,  upper  and  lower  limits  are  set 
and  remain  constant  (ie  'fixed')  throughout  the  flight;  when  the  trace  is  outside  these 
limits  the  fast  sampling  rate  is  switched  on,  being  switched  off  when  the  trace  returns 
to  within  the  limits.  ThiB  type  of  triggering  is  suitable  for  accelerometers  which 
have  a  constant  datum  irrespective  of  the  flight  conditions.  Ideally,  fin  strain  gauges 
would  also  fall  into  this  category. 

The  'floating'  trigger  (see  Fig  5)  uses  a  constant  bandwith,  but  the  mean  or  datum 
of  the  bandwidth  is  variable  in  that  it  moves  (or  'floats’)  towards  the  running  average 
of  the  trace.  Again  the  fast  sampling  rate  is  used  when  the  trace  lies  outside  the 
bandwidth.  The  floating  is  achieved  by  what  amounts  to  a  high  pass  filter,  which 


removes  the  long  period  drift  and  reduces  the  trigger  to  the  fixed  type.  This  floating 
type  of  trigger  is  suitable  for  all  gauges  in  which  there  is  a  low  frequency  change  in 
the  datum  and  includes  most  (if  not  all)  wing  and  tailplane  strain  gauges.  In  practice 
the  fin  was  also  treated  as  a  floating  trigger. 

The  choice  of  trigger  channels,  bandwidths  and  time  constants  in  the  floating 
trigger  filter  are  at  the  discretion  of  the  user.  We  are  currently  using  the  following 
techniques  .- 

Normal  and  lateral  accelerometers  at  the  centre  of  gravity  -  Fixed 

Brake  rods  -  port  and  starboard  -  Fixed 

Fin  root  bending  bridge  -  Floating 

Tailplane  root  bending  bridge  -  Floating 

Top  wing  surface  gauge  -  Floating 

Bottom  wing  surface  gauge  -  Floating  (this  is  the  'critical  section'  for  fatigue) 

One  final  point  to  note  before  considering  the  results  so  far,  is  that  the  sampling 
r-'-a  is  not  switched  at  tne  moment  of  triggering.  It  was  decided  at  a  very  early  stage 
to  sample  at  the  fast  rate  from  1  second  before  an  'on'  trigger  and  until  2  seconds  after 
an  'off'  trigger.  The  effects  of  altering  these  times  have  not  been  investigated. 

When  using  data  reduction  or  compression  it  is  possible  that  some  valuable  data 
will  be  lost.  Hence  the  percentage  loss  of  fatigue  damage  was  used  to  measure  the 
validity  of  the  compressed  data.  The  results  to  date  are  presented  in  Fig  6;  these  are 
based  on  our  initial  work  in  which  we  aimed  for  a  zero  loss  of  measured  damage.  It  is 
evident  from  the  number  of  CCTs  remaining  after  compression  that  there  are  far  too  many 
to  allow  easy  analysis,  and  that  the  quiescent  periods  of  flight  are  somewhate  less  than 
may  have  been  imagined.  Increasing  the  trigger  levels  so  that  damage  losses  were  of  the 
order  of  5%  suggested  that  a  more  reasonable  number  of  4  CCTs  per  flight  may  well  result. 

The  problem  was  then  approached  in  a  different  way  by  deciding  to  dump  data  from 
the  PCM  tape  at  a  fraction  of  the  recorded  rate  and  assess  damage  losses  relative  to  the 

original  data.  One  flight  was  selected  and  for  the  data  recorded  at  70  samples  per  second 

a  damage  calculation  was  separately  carried  out  using  every  second,  third,  fourth  and 
fifth  point.  The  data  recorded  at  140  samples  per  second  were  separately  analysed 
using  every  second,  fourth  and  sixth  point.  Damage  losses  due  to  these  reduced  sampling 

rates  are  shown  in  Fig  7.  From  the  values  obtained  it  is  apparent  that  dumping  data 

from  PCM  to  CCT  at  of  the  recorded  rate  leads  to  losses  which  are  not  greater  than 
5%,  except  for  wing  gauges  (which  are  significantly  affected  by  undercarriage  loads,  and 
then  probably  only  spin-up  drag  loads  at  touchdown) . 

The  decision  to  create  CCTs  at  *<  the  recording  rate  haB,  of  course,  a  prime  spin¬ 
off  in  that  there  are  now  fewer  tapes  in  the  first  set  of  CCTs  before  the  data  compress¬ 
ion  process.  The  original  trigger  levels  were  reinstated  for  the  latter  process,  and 
two  flights  were  examined  in  detail  for  damage  calculated  at  both  full  recorded  rate  and 
recorded  rate,  both  uncompressed  and  compressed.  Fig  8  tabulates  the  results  which 
again  show  that  damage  losses  are  generally  less  than  5%  relative  to  the  baseline  data. 

DATA  PROCESSING 
4.1  Hardware 

Using  147  channels,  and  sampling  rates  of  70/140  per  second,  puts  the  size  of  the 
data  processing  operation  at  approximately  ten  times  that  of  the  earlier  tanker  exercise. 

The  VAX  11/780  appeared  a  reasonable  choice  of  processor,  although  from  an  early 
stage  it  was  realised  tv  *■  some  "*>rm  of  data  reduction  was  needed  to  make  the  task  more 
practical. 

Our  Flight  Test  Department  had  considerable  experience  and  knowledge  of  existing 
specialist  facilities  using  PCM  tapes;  hence,  it  seemed  logical  to  employ  this  as  t 
replay  facility  converting  the  Base  10  PCM  tape  into  CCT  for  subsequent  processing  on 
the  VAX  computer . 

The  initial  configuration  was  (see  Fig  9) : 

a)  Shared  resource  of  2  -  PDP  11/45  and  1  -  PDP  11/44  for  conversion  of  PCM  ■>  CCT. 

b)  Dedicated  VAX  11/780 

4-TE16  tape  drives  (phase  encoded  63  bits  per  mm) 

1-RP06  176  MByte  Disc 
1-V80  Plotter 
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Subsequently  the  loan  of  s  fifth  tape  drive  has  enhanced  reliability. 

4 .2  Software 


Software  for  the  conversion  of  the  PCM  tape  to  CCTs  is  written  in  POP  11  macro  and 
is,  at  present,  a  straightforward  reading/writing  process. 

Software  for  the  VAX  may  be  thought  of  as  validation  and  analysis  of  the  data, 
running  under  an  overall  operating  environment,  which  also  provides  a  detailed  recording 
facility  to  ensure  that  the  appropriate  data  for  a  given  process  is  accessed  (Fig  10)  . 

The  software  was  developed  by  a  team  of  five  people  from  both  the  Structure  Depart¬ 
ment  and  Computer  Services,  the  former  developing  the  analysis  programs  and  the  latter 
providing  operating  procedures,  plotting  routines  and  tape  handling  facilities. 

Development  has  been  smooth,  the  VAX  playing  a  vital  role  in  meeting  timescales 
which  would  have  been  thought  impossible  five  years  ago. 

4.3  Operating  Environment 


The  operating  environment  has  been  created  using  Digital  Command  Language  (DCL) , 
the  VAX  command  language. 

Utilities  have  been  written  in  DCL,  but,  where  real  numbers  required  handling,  DCL 
has  been  supplemented  by  COIN,  tne  Company-written  command  interpreter. 

Whilst  the  VAX  11/780  may  be  of  'mainframe'  category  in  processor  speed,  its 
facility  to  identify,  record  and  catalogue  magnetic  tapes  is  limited. 

With  processes  which  could  involve  up  to  6000  CCTs  (at  present  we  have  2800)  it  has 
been  necessary  to  introduce  library-type  facilities  to  make  tape  handling  more  feasible. 

An  'Operators  Guide'  describes  the  overall  operation  of  the  system  and  a  compre¬ 
hensive  HELP  facility,  which  supplements  the  documentation  makes  operation  Bimple  and 
greatly  aids  training. 

4.4  Analysis 

The  data  which  an  anlysis  process  receives  should  be  free  of  single  point  drop  outs 
and  be  marked  for  any  HF  noise;  in  general  it  is  assumed  to  be  ‘technically  valid  data'  . 

The  fatigue  analysis  methodology  will  be  described  in  detail  later.  From  a  computa¬ 
tional  point  of  view  the  algorithm  provided  by  Susan  D  Ellis  of  RAE  Farnborough  (Raf  2) 
was  expanded  to  cater  for  multi-channel  processing. 

The  Loading  Analysis  program  evaluates  shear  force  (SF) ,  bending  moment  (BM)  and 
torque  (T)  at  the  four  stipulated  stations  on  the  wing.  This  is  a  straightforward 
multiplication  process  and,  working  on  sixteen  channels  per  wing,  presents  little  problem 
The  results  produced  are  stored  on  magnetic  tape  and  may  be  plotted,  as  required,  using 
a  standard  program.  (A  much  modified  version  of  this  program  will  be  used  to  evaluate 
the  loads  for  the  fatigue  test  rig) . 

Although  the  loading  program  calculation  is  basically  a  multiplication  process,  the 
gauge  coefficients  are  required  and  in  order  to  arrive  at  these  several  items  of  software 
are  necessary. 

Firstly,  a  geometric  model  of  the  wing  was  created  to  enable  the  definitive  BM, 

SF  and  T  to  be  evaluated. 

Secondly,  the  base  of  test  results  was  obtained  from  selected  load  calibration  tests 

Lastly,  the  above  two  variables  were  combined,  and  then  RAPIER  (Ref  3)  was  employed 
to  evaluate  the  gauge  coefficients  for  the  load  program. 

RAPIER  was  obtained,  in  1900  Series  Fortran,  from  RAE  Farnborough  and  initially 
proved  on  an  ICL  1906A  Computer.  The  code  was  later  converted  to  VAX  11/780,  and  this 
version  is  now  in  use. 

4.5  System  Performance 

Major  processes  that  have  been  carried  out  to  date  are  COMPRESS,  PLOT,  DUPLICATE, 
FATIGUE  AND  MASK.  An  example  of  the  processing  time  for  a  typical  long  sortie  is  given 


in  Pig  11.  The  average  sortie  can  be  processed  in  about  75%  of  the  time  given  in  the 
example.  Fig  11  also  shows  the  VAX  11/780  mill  utilisation  for  each  of  the  major 
processes  and  demonstrates  that  two  of  them  have  to  have  sole  use  of  the  system  or 
result  in  an  increase  in  processing  time. 

The  processing  times  required  per  CCT  for  the  major  processes  are  COMPRESS  20 
minutes,  PLOT  2  hours,  DUPLICATE  2o  minutes,  FATIGUE  25  minutes  and  MASK  20  minutes. 

The  PLOT  process  in  fact  takes  10  minutes  per  pass  of  a  CCT.  Plotting  all  parameters 
results  in  12  passes  and  hence  2  hours  per  CCT. 

5.  CALCULATION  OF  FATIGUE  DAMAGE  (see  Fio  12) 

The  calculation  of  fatigue  damage,  as  stated  earlier,  starts  from  the  compressed  or 
second  set  of  CCTs,  and  therefore  assumes  that  they  contain  a  true  time  history  of  the 
significant  measured  strains  of  each  channel.  This  currently  means  that  data  that  have 
been  masked  duo  to  HF  noise  and  'spikes'  are  ignored. 


The  program  is  capable  of  analysing  up  to  40  channels,  which  makes  it  more  than 
adequate  to  deal  with  the  fatigue  monitoring  gauges  and  such  other  gauges  as  require 
analysis  from  time  to  time. 

The  initial  control  parameters  define  which  channels  are  to  be  analysed,  the  times 
at  which  the  damage  'to  date1  is  to  be  output  (known  as  'phasing')  and  the  start  and 
stop  times  for  the  analysis.  These  last  two  control  parameters  were  introduced  as  a 
convenient  way  of  avoiding  the  shunts  (pre  take-off  and  post  landing)  being  included  in 
the  analysis. 

The  program  then  extracts  the  turning  points  of  each  channel  and  the  times  at 
which  they  occur.  These  data  are  in  turn  fed  to  a  routine  which  by  meanB  of  the 
Rainflow  technique  extracts  the  fatigue  cycles  in  terms  of  a  range  and  a  mean.  The 
software  to  achieve  this  is  a  virtual  copy  of  the  RAE  routine  described  in  Ref  2.  The 
turning  points  that  do  not  form  full  fatigue  cycles  are  stored  until  the  end  of  the 
flight  (or  phase)  when  they  are  dealt  with  using  the  re-ordered  stack  method  which  ensures 
full  ground-to-air  fatigue  cycles.  Track  is  kept  of  the  time  by  passing  them  through  the 
Rainflow  routine  in  parallel  with  their  associated  turning  points.  The  only  control 
data  r squired  are  a  range  fcr  each  channel  below  which  a  cycle  is  ignored.  Currently 
6.9MPa  it  being  used. 

The  ability  to  generate  a  2-D  counted  array  of  the  fatigue  cycles  exists  but  is  not 
used  at  present.  The  ranges  and  means  still  have  a  digitised  form  and  are  converted  into 
stresses  by  a  linear  equation  (  &  *=  m*DR0  +  c)  .  The  coefficient  m  and  the  constant  c 
are  derived  from  measurements  and  calculations,  and  are  held  in  the  computer  on  a  file 
which  is  accessed  directly  by  the  damage  program.  The  file  of  coefficients  is  updated 
as  required.  The  calibration  data  is  chosen  aut-  satically  on  the  basis  of  channel 
number,  flight  number  and  date  by  the  program  . 

Having  obtained  the  fatigue  loading  in  terms  of  stress,  the  calculation  of  damage 
is  straightforward,  using  Miner's  CummulatJ'-e  Damage  Law  with  a  Gerber-Goodman  mean 
stress  correction.  The  control  data  enablv.h  a  choice  of  S-N  curve  to  bo  made.  It  also 
supplies  the  mean  stress  correction  coefficients  and  two  factors  on  stress:  an  R  value 
applied  to  the  alternating  stress  only,  and  a  K  value  that  is  applied  to  both  alternating 
and  mean  stresses.  Usually  Heywood's  light  alloy  joint  endurance  curve  is  used,  ;.u. 
where  applicable  data  from  the  Comet  full  scale  test  are  read  across. 

The  full  program  tokeB  about  25  minutes  per  tape  to  run,  and  the  output,  which  gives 
details  of  all  the  fatigue  damaging  cycles,  is  of  manageable  proportions.  Plots  of  damage 
against  flight  time  are  produced.  Currently  the  damage  is  plotted  cycle  by  cycle  so 
that  the  time  of  peak  or  trough  (or  earliest  or  latest  tims)  of  the  paired  turning  points 
are  plotted.  Some  typical  samples  are  shown  in  Figs  13  to  15. 

The  program  has  been  used  to  establish  the  triggering  levels  (outlined  in  para 
3.2)  so  that  the  percentage  loss  of  damage  due  to  compression  is  acceptable.  The  losses 
generally  involve  the  missing  of  peaks  of  the  higher  frequency  loads,  thus  truncating 
fatigue-damaging  cycles. 

The  program  defines  and  files  the  times  at  which  fatigue-damaging  events  occur  so 
that  the  loads  producing  these  events  can  be  derived  for  application  to  the  fatigue  test 
specimen.  The  latter  will  be  strain-gauged  in  a  similar  manner  to  the  flying  aircraft, 
and  data  from  sample  test  flights  will  bs  analysed  via  the  same  program  to  give  a  final 
cross-check  between  the  service  and  test  vehicles.  It  is  envisaged  that  the  damage 
program  will  be  used  to  establish  the  damage  per  flight  or  pjhase  against  which  the  Nimrod 
MR  MX  2  fatigue  meter  formula  will  be  checked  and  modified  if  necessary. 
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6 .  CONCLUSIONS 

An  extensive  instrumentation  package  such  as  that  fitted  for  the  NOFLoMP  is 
obviously  expensive  to  install  and  maintain,  and  even  with  the  use  cf  a  dedicated 
powerful  computer,  time  consuming  in  the  analysis  of  data.  In  the  final  analysis  a 
much  reduced  number  of  strain  gauges  and/or  baste  motion  parameters  will  be  identified 
as  key  items  by  which  the  accruing  fatigue  damage  of  each  major  component  of  a  Nimrod 
MR  Mk  2  airframe  could  be  monitored.  It  is  likely  that  this  will  result  in  a  require¬ 
ment  for  a  new  airborne  fatigue  monitoring  device  rather  than  the  revised  fatigue  meter 
formula  approach  used  as  a  result  of  the  earlier  tanker  exercise. 

The  analysis  techniques  currently  applied  rely  on  Miner's  Damage  Law,  and  this  is 
probably  the  weakest  link  in  the  chain.  However  the  more  representative  the  fatigue 
test  loading  can  be,  the  less  the  error  introduced  by  this  step  in  the  analysis.  The 
integration  of  a  load  measuring  exercise  on  a  service  aircraft  and  the  full  scale 
fatigue  test  would  appear  to  be  essential.  Applying  the  measured  sequence  of  service 
loads  to  the  test  specimen  and,  as  backup,  monitoring  the  test  stress  spectra  at  the 
fatigue  critical  locations  instrumented  on  the  flight  vehicle  should  remove  doubts  as 
to  the  authenticity  of  the  test  result. 

The  results  of  the  earlier  Comet  test  are  being  used  to  provide  provisional  inform¬ 
ation  on  the  fatigue  resistance  of  the  structjre.  An  initial  estimate  of  fatigue  life 
consumption  can  thus  be  made  from  the  loads  measurement  exercise  and  give  advanced 
warning  of  potential  trouble  spots  and  timescales.  The  new  fatigue  teat  using  a  more 
representative  structure  and  loading  actions  will  then  provide  a  revised  estimate  of 
the  fatigue  resistance,  allowing  an  adjustment  to  be  made  to  fatigue  damage  estimates. 

A  smaller  exercise  is  to  be  carried  out  on  a  Nimrod  AEW  Mk  3  aircraft.  Fatigue 
monitoring  strain  gauges  are  fitted  at  positions  highlighted  as  significant  by  the 
earlier  exercise  on  the  MR  Mk  2  aircraft,  and  damage  will  be  calculated  based  on  the 
result  of  the  Mk  2  wing  fatigue  test.  A  requirement  for  a  fin  fatigue  te3t  has  been 
identified  for  the  MR  aircraft,  and  again  a  rt-ad-across  to  the  similar  type  of  structure 
on  the  AEW  aircraft  is  anticipated. 

For  the  future  the  MR  NOFLoMP  aircraft  will  continue  to  supply  data  via  its  existing 
system  until  perhaps  1986.  It  is  then  intended  to  fit  a  SUMS  type  recorder  utilising 
a  small  number  of  strain  gauges  to  monitor  any  changed  usage  of  the  aircraft.  Fleetwide 
fitment  of  an  advanced  fatigue  meter  (eg  SUMS)  Will  be  assessed  as  more  data  becomes 
available  from  both  fatigue  tests  and  NOFLoMP. 
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SUMMARY 

The  paper  reviews  data  obtained  from  empennage  service  loading  studies  performed  on  Jaguar  and  Jet 
Provost  aircraft.  The  measured  usage  data  are  compared  with  earlier  data  and  analysis  methods  are 
discussed. 


1.  INTRODUCTION 

In  the  pact  service  fatigue  monitoring  has  been  accomplished  following  procedures  which  were  centred 
around  the  use  of  fatigue  meter  (counting  accelerometer)  data  obtained  on  individual  aircraft  on  a  flight- 
by-flight  basis,  supported  by  additional  data  from  the  Fatigue  Record  Sheets  for  individual  aircraft  and 
Individual  flights,  and  the  Statement  of  Operating  Ir.t'nt.  The  u'.e  of  these  data  has  previously  been 
discussed  (ref  1)  and  the  limitations  of  such  proceau- t  «  are  well  known. 

The  paper  describes  two  service  monitoring  exercises  that  were  designed  to  obtain  information  applic¬ 
able  to  empennage  fatigue  loading.  The  studies  were  performed  on  the  Jaguar  Strike  A/C  and  the  Jet  Provost 
trainer  aircraft.  After  general  descriptions  of  the  two  programmes  specific  items  relating  to  instrumenta¬ 
tion,  calibration,  data  analysis  and  results  will  be  dealt  with.  A  discussion  of  the  points  raised  by  both 
studies  is  then  followed  by  the  conclusions. 

The  paper  is  Intended  to  highlight  the  main  aspecto  of  the  work  that  might  be  of  general  Intercut 
rather  than  to  provide  a  fully  detailed  description. 

2.  JAGUAR 

The  Jaguar  is  an  Anglo-French  single-seat,  strike  aircraft  of  conventional  construction  (Fig.  1).  (A 
number  of  two-seat  trainers  were  also  built).  Fin  loading  spectra  were  estimated  from  predicted  sortie 
profiles  and  usage  using  atmospheric  turbulence  data  and  additional  factors  to  account  for  pilot  Induced 
manoeuvres  and  aircraft  damping  characteristics  (ref.  1). 

At  the  end  of  the  airframe  fatigue  test  cracks  were  found  in  the  main  fin  to  fuselage  attachment  frame 
and,  at  that  time,  significant  amounts  of  low  level  flying  were  predicted  along  with  an  extended  fatigue 

life  requirement.  Modifications  to  the  frame  were  put  in  hand  to  improve  its  fatigue  performance  in  rela¬ 

tion  to  these  revised  requirements  and  it  was  decided  to  embark  on  a  "limited"  service  fatigue  monitoring 
exercise  to  examine  fin  loading. 

The  exercise  to  be  performed  was  to  be  accomplished  at  a  limited  cost  which  dictated  the  approach  to 
be  followed.  After  an  initial  study  to  examine  the  use  of  strain  history  measuring  devices  (Le'gh  MSR  and 

BAe  (Australia)  AFDAS),  or  the  possibility  of  using  flight  parameter  data  (ref.  2)  it  was  decided  to 

undertake  a  limited  flight  load  measurement  exercise. 

The  two  strain  history  approaches  were  discarded  because  of  the  then  unproven  nature  of  these  devices, 
which,  in  any  case,  both  required  a  degree  of  load  calibration  on  thi  aircraft.  The  parametric  approach 
referred  to  in  more  detail  in  ref.  2  was  discounted  because  of  rhe  less  sophisticated  mathematical  response 
model  available  for  the  Jaguar  compared  with  that  for  the  Tornado. 

As  a  number  of  aircraft  had  a  Plessey  EUMS  Mk  II  axgital  recorder  Installed  for  engine  usage  monitoring 
purposes  it  was  decided  to  base  the  study  on  the  use  of  th.s  device.  Two  GR  Mk  1  single-seat  aircraft  were 
allocated  to  the  programme  and  a  fatigue  monitoring  study  was  devised  which  was  based  on  a  limited  load 
calibration  of  the  fin  and  talleron.  The  various  aspects  of  this  programme,  illustrated  on  Fig.  2,  are 
described  below: 

2.1  Instrumentation 

The  flight  standard  recorders  used  for  the  analysis  had  5  channels  allocated  to  structural  monitoring 
data  collection  at  a  total  sample  rate  of  128  s.p.s. 

These  five  channels  were  allocated  as  follows: 

.  three  strain  gauge  bridge  signals  at  32  sps  each 
.  true  air-speed  at  2  sps 

.  altitude  at  2  sps 


The  most  important  area  of  rhe  structure  was  accessed  to  be  the  attachment  of  the  centre  opar  of  the 
fin  to  the  fuselage  frame  (the  tailecon*  are  also  mounted  on  this  frame)  Fig.  3.  As  a  result  of  a  study 
of  the  fatigue  test  results  and  an  assessment  of  the  structural  analysis  data  it  was  decided  to  assign 
the  three  strain  gauge  channels  to  measurement  of  fin  shear  and  torque  and  fuselage  frame  end  loads  at 
the  fin  centre  spar  pick  up  position.  On  the  first  aircraft  a  10  Hz  filter  was  Incorporated  in  the 
recording  system  whereas  a  40  Hz  filter  was  incorporated  ot.  the  second  aircraft  following  further  assess¬ 
ment  of  the  frequencies  involved. 

The  flight  measured  data  were  recorded  on  to  cassettes  which  had  a  capacity  of  between  one  and  three 
flights  of  data. 

2.2  Load  Calibration 

The  critical  load  paths  were  considered  to  be  the  centre  spar,  rear  spar  and  frame  boom.  Two  shear 
bridges  were  Installed  on  each  of  the  two  spar  webs  close  to  the  fuselage  attachments  in  order  to  measure 
fin  loads.  The  frame  boom  was  strain  gauged  with  eight  longitudinal  and  four  transverse  gauges  which  were 
to  be  used  to  give  a  four-arm  end  load  bridge  on  either  side  of  the  aircraft  centre-line  Fig.  4. 

During  the  load  calibration  the  best  combination  of  spar  shear  bridges,  (one  on  each  spar),  was  chosen 
to  yield  shear  force  and  torque.  Similarly  the  choice  of  frame  boom  strain  gauges  was  based  on  a  pre¬ 
liminary  set  of  fin  and  taileron  load  cases  from  which  two  fully  wired  4-arm  bridges  were  defined.  These 
two  bridges  were  then  calibrated  against  fin  shear  and  torque  and  the  effect  of  taileron  load  was  studied. 
As  a  result  of  this  one  of  the  two  bridges  was  finally  selected  for  use  in  service  monitoring. 

During  load  calibration  the  desired  loads  were  applied  in  201  increments  and  decrements  with  strain 
gauge  responses  being  recorded  at  each  stage.  Prior  to  the  measurements  several  exercising  load  cycles 
were  applied. 

The  calibration  analysis  consisted  of  six  phases  (Table  1)  and  the  load  cases  were  as  sutnnarlsed  in 
Table  2. 

Calibration  equations  were  establishes  using  regression  techniques.  Maximum  reprediction  errora  of 
1.151  and  2.251  of  limit  load  for  fin  shear  and  torque  respectively  were  achieved.  Frame  end  load  errors 
in  terms  of  fin  shear  and  torque  were  less  than  0.51  of  limit  load.  However  the  introduction  of  taileron 
loads  degraded  the  accuracy  somewhat,  the  error  on  fin  shear  reprediction  Increasing  to  1.81  of  limit  load 
»nd  for  fin  torque  to  4.31.  These  results  are  summarised  on  Table  3. 

2.3  Electrical  Calibration 

The  load  calibration  yielded  relationships  between  load  and  strain  gauge  bridge  output  in  millivolts. 
An  electrical  calibration  was  also  necessary  to  establish  the  relationship  between  EUMS  recorder  output  in 
volts  and  the  strain  gauge  output  in  millivolts.  This  calibration  was  repeated  at  intervals  during  the 
flight  measurement  exercise  in  order  to  maintain  the  accuracy  of  the  system. 

2.4  Data  Reduction 

Following  load  calibration  the  aircraft  were  returned  to  service  to  fly  unrestricted  to  typical  RAF 
sorties.  Once  per  week  cassettes  were  despatched  by  the  RAF  for  analysis.  Each  cassette  was  accompanied 
by  paperwork  that  identified  details  of  the  flight  for  which  data  had  been  recorded. 

Initially  the  cassettes  were  despatched  to  the  firm  responsible  for  the  engine  usage  monitoring 
exercise  for  conversion  to  computer  compatible  tape  (CCTs).  The  CCTs  were  then  processed  at  Warton  to 
yield  hard  copy  traces  of  strain  gauge  volts  for  examination  prior  to  subsequent  computer  analysis. 

During  the  first  few  n*  nths  of  the  study  a  large  proportion  of  the  data  was  found  to  be  corrupt.  The 
following  features,  wh*ch  made  straight  forward  analysis  impossible,  were  evident. 

-  random  signals  of  .p^oslte  sign  for  the  two  fin  shear  bridges  oscillating  at  high  frequency 

-  considerable  "drop-out" 

-  considerable  "datum- shift” 

-  sudden  datum  shift 

-  spikes  (either  electrical  in  origin  or  data  drop  out) 

Interference  at  400  Hz 

Fig.  5  gives  examples  of  these  problems.  Various  steps  were  taken  which  eventually  overcame  theae 
problems  to  a  large  extent.  The  aircraft  Instrumentation  systems  were  checked  and  the  power  units  found 
to  be  faulty.  Bridge  integrity  and  channel  identities  were  checked. 

The  analysis  of  the  cassettes  to  produce  CCTs  was  transferred  to  BAe  making  use  of  a  Plessey  replay 
unit  and  PDPU-55  computer  prior  to  processing  in  the  IBM.  New  Data  Acquisition  Units  which  included 
modifications  to  enhance  data  recovery,  were  fitted  to  the  aircraft. 

The  time  history  plots  of  the  three  strain  gauge  signals  were  examined  for  each  flight  prior  to 
subsequent  processing  end  counts  of  parity  errors  were  produced.  It  was  initially  decided  that  an 
acceptable  standard  would  be  set  at  a  parity  error  count  of  l  in  100  on  the  assumption  that  data  quality 
would  improve.  Subsequently  the  standard  was  raised  to  l  in  300  to  ensure  th  '  relatively  low  magnitude 
spurious  signals  not  filtered  out  during  analysis  had  a  negligible  effect  on  the  fatigue  damage.  This 
also  had  a  slnglflcant  effect  in  reducing  the  time  and  cost  associated  with  analysing  poor  quality  data. 
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The  analysis  of  each  acceptable  CCT  included  tests  on  each  data  point  for  parity  error,  range  limit  and 
rate  of  change  limit.  Data  failing  these  tests  were  rejected  and  printed  out  in  the  final  output  for 
further  examination. 

2.5  Analysis 

Usable  data  obtained  from  the  OCXs  was  first  of  all  synchronised  so  that,  by  linear  Interpolation, 
signals  for  the  centre  and  rear  spars  and  the  frame  boom  were  associated  with  the  same  Instant  in  time. 

These  signals  w^.re  then  converted  into  loads  and  fatigue  stresses  using  the  calibration  algorithms  in 
association  with  streas/load  relationships  derived  from  the  fatigue  test  result  and  the  structural 
analysis.  Stress  and  load  time  histories  were  produced  and  a  ralnflow  analysis  performed  to  yield  stress 
spectra.  Fatigue  damage  was  calculated  on  a  sortie  basis  and  information  produced  to  aid  fleet  management. 

2.6  Results 

The  final  results  were  based  on  data  from  298  cassettes  from  which  135  flights  were  found  to  be  usable. 
The  primary  fatigue  loading  action  was  that  due  to  atmospheric  turbulence  at  low  level.  Data  were  analysed 
on  a  month -by -month  basis  and  a  seasonal  effect  appeared  to  be  present,  with  the  highest  damage  rates 
occurring  in  the  winter  months.  (Fig.  6).  The  fin  fatigue  load  spectrum  (Table  4)  was  found  to  have  a 
slight  bias  giving  more  loading  to  port  rather  than  starboard.  Subsequent  investigations  identified  this 
as  a  real  effect  due  to  slight  trim  characteristics  of  the  aircraft  concerned. 

3.  JET  PROVOST 

3.1  Background 

The  Jet  Provost  is  a  single  engined  two  seat  trainer  aircraft  which  derived  from  the  earlier  Piston 
Provost  and  which  was  subsequently  developed  as  the  Strikemaster  for  use  by  overseas  airforces  (Fig.  7). 

Fatigue  monitoring  for  this  aircraft  was  accomplished  by  using  the  fatigue  meter,  flying  log  and 
mission  profile  data.  A  limited  amount  of  flight  load  investigations  were  performed  many  years  ago.  The 
wing,  which  is  single  spar,  was  strain  gauged  and  calibrated  to  assess  bending  moment  versus  'g*  (normal 
acceleration)  relationships.  This  was  an  exercise  performed  during  development  Hying  and  the  results 
were  used,  <n  conjunction  with  the  fatigue  meter,  to  assess  wing  fatigue  life. 

The  empennage  loading  was  measured  for  different  phases  of  flying  in  1958  (3).  This  study  indicated 
that  the  most  severe  phase  of  flying  was  that  associated  with  spinning.  As  a  result  the  primary  parameter 
used  for  fin  and  tallplane  damage  monitoring  was  "number  of  spins".  Fig.  8  extracted  from  ref.  3 
indicate!  the  relative  severity  of  different  phases  of  flying. 

This  method  of  monitoring  continued  for  many  years  with  occasional  theoretical  checks  being  made 
against  the  operator's  updated  estimates  of  mission  profiles  to  ensure  that  "number  of  spins"  was  still 
the  most  appropriate  parameter  and  that  atmospheric  turbulence  at  low  altitude  was  not  as  Important. 
Unfortunately  it  turned  out  that  the  method  used  did  not  afford  sufficient  protection  to  the  aircraft  as 
a  telephone  message  was  received  on  Friday  April  18th  1980  to  say  that  a  Jet  Provost  had  made  an 
emergency  landing  after  the  pilot  had  felt  a  "mild  thump"  during  low  level  flying  and  had  looked  in  his 
mirror  to  see  'the  top  of  the  fin  moving  laterally  12  to  18  inches"  (300  to  460  mm). 

On  investigation  the  main  spar  booms  and  web  of  the  fin  (Fig.  9)  were  found  to  have  failed,  the  fin 
being  retained  on  the  aircraft  by  the  thin  (0.6mm)  skin  attachment  to  the  root  fittings  and  a  0.5nm  shroud. 
(Fig.  10).  This  incident  led  to  a  number  of  activities  being  necessary,  one  of  which  was  a  flight  measure¬ 
ment  exercise  to  examine  empennage  fatigue.  This  particular  study  is  reported  herein. 

3.2  Formulation  of  Requirement 

The  aircraft  on  which  the  fin  spar  failure  occurred  was  operated  primarily  in  a  low  level  navigational 
role  whereas  many  other  aircraft  operated  in  mixed  training  roles.  Zt  was  decided  that  two  aircraft  should 
be  used  for  the  study  to  investigate  both  types  of  flying. 

The  measurements  to  be  made  were  concerned  with  in-flight  fatigue  loading  of  the  fin  and  tallplane. 

I  A  limited  number  of  associated  flight  parameters,  which  were  considered  to  provide  useful  data  connected 

with  sortie  profile  definition,  were  also  recorded.  It  was  thought  that  these  latter  measurements  might 
1  aid  future  fatigue  monitoring  of  the  fleet.  The  loads  and  parameters,  with  their  associated  sampling 

\  rates,  are  shown  on  Table  5. 

I  Aircraft  altitude  and  speed  were  recorded  in  order  to  provide  a  comparison  with  similar  information 

given  in  the  operator's  Statement  of  Intent.  Normal  acceleration  was  measured  to  provide  a  check  against 
fatigue  meter  data  and  to  compare  with  the  wing  spar  boom  strain  gauge  data.  Such  information  was  to  be 
used  for  longer  term  assessments  of  the  validity  of  fatigue  meter  data  and  analysis  techniques.  The 
lateral  accelerometer  measurements  were  included  in  order  to  assess  whether,  in  the  long  term,  a  lateral 
acceleration  counter  similar  to  the  fatigue  meter  might  be  used  for  fin  fatigue  monitoring  on  a  fleet¬ 
wide  basis. 

3.3  Instrumentation 

The  instrumentation  used  was  similar  to  that  used  in  the  Jaguar  exercise  with  improvements  wherever 
possible. 

The  data  recording  was  accomplished  using  the  Plessey  EUMS  Mk  II  recorder  which,  for  this  study,  was 
capable  of  recording  256  samples  per  second  on  cassettes  having  a  running  time  of  2i  hours. 


8-4 


I 


j 


I 


Four-arm  strain  gauge  bridges  were  used  to  measure  fin  and  taliplane  loading,  and  to  obtain  optimum 
responses,  the  various  bridgos  were  duplicated.  The  most  appropriate  bridges  were  then  chosen  as  a  result 
of  the  calibration  exercise. 

The  four  transducers  used  to  measure  altitude,  airspeed  and  normal  and  lateral  accelerations  covered 
the  following  ranges: 

Altitude  (-1000  ft  to  70000  ft),  Airspeed  (0  to  500  kt).  Normal  Acceleration  (-5g  to  +12g)  and 
Lateral  Acceleration  (+lg). 

In  addition  to  the  above  strain  gauge  amplifiers  and  data  acquisition  units  were  Included  in  the 
system  (Fig.  11).  Following  completion  of  the  installation  verification  checks  were  performed  by  both 
Plessey  and  BAe  engineers. 

3  .A  Ground  Calibration 

The  ground  calibration  on  each  aircraft  consisted  of  two  phases,  these  being  the  structural  loads 
calibration  and  the  system  electrical  calibration. 

The  load  calibration  was  achieved  by  applying  loads  in  both  directions  to  both  fin  and  taliplane 
using  a  range  of  loading  points  representative  of  anticipated  flight  conditions.  A  full  Skopinsky 
calibration  (Ref.  A)  was  not  performed. 

For  each  loading  case  the  strain  gau&e  bridge  responses,  including  duplicates,  were  recorded  on 
ground  monitoring  equipment.  From  these  data  the  choice  of  the  optimum  bridges  was  made  and  these  were 
then  wired  into  the  aircraft  system.  The  system  was  then  calibrated  electrically  to  yield  the  relation¬ 
ships  between  t* corded  signals  and  strain  gauge  bridge  outputs. 

In  order  to  check  that  the  system  was  functioning  correctly  a  further  loading  was  applied  to  fin  and 
taliplane  with  the  results  being  recorded  on  the  aircraft  system. 

Regression  techniques  were  used  to  establish  the  relationships  between  applied  loads  and  strain  gauge 
bridge  responses. 

3.5  "Shake-down”  Flying 

Prior  to  delivery  of  the  aircraft  back  to  the  RAF  a  shake-down  flight  was  performed  to  check  that  the 
system  was  functioning  correctly. 

3.6  Operational  Checks 

On  delivery  of  the  aircraft  to  the  RAF  BAe  personnel  visited  the  two  stations  to  brief  RAF  personnel 
on  monitoring  procedures  and  tystem  servicing.  At  intervals  during  the  exercise  BAe  specialists  performed 
on-site  checks  on  the  system  sensitivities  and  datums. 

3.7  Analysis 

Fig.  12  illustrates  the  analysis  procedure  followed.  The  original  intention  was  to  obtain  data  on 
each  aircraft  for  6  months  of  flying.  It  very  soon  became  apparent,  because  of  the  large  number  of  load 
cycles  occurring  during  low  level  fly*ng,  that  analysis  time  and  cost  were  considerable  when  compared  to 
the  original  estimates.  Steps  were  taken  to  reduce  these  by: 

(I)  selecting  the  number  of  flights  to  be  analysed 

(II)  selecting  the  parts  of  the  flights  to  be  analysed 

In  the  first  case  this  was  achieved  simply  by  making  a  judgement  of  an  adequate  sample  size  In  each 
sortie  code  based  on  fluctuations  of  damage  rate  with  increasing  sample  size. 

In  order  to  determine  the  parts  of  a  flight  to  be  analysed  Versatec  plots  (hard  copy)  of  the  data  on 
each  cassette  were  produced  from  the  CCT  prior  to  further  analysle.  The  inactive  regions  on  the  tape  were 
identified  and  the  remaining  pa*.ts  of  the  tape  were  then  specified  for  subsequent  analysis. 

The  data  to  be  analysed  were  then  examined  by  a  checking  program  which  searched  for  parity  errors, 
and  exceedances  of  rate  of  change  and  range  limits  (as  in  the  Jaguar  study).  This  program  output  data 
sets  containing  the  time  Intervals  of  omitted  data  (rejected  during  the  checks)  for  subsequent  use  in  the 
analysis  program. 

The  analysis  produced  a  load  spectrum  matrix  (60  x  30)  of  mean  and  alternating  loads  for  each  of  the 
load-time  histories  selected  for  analysis  (Table  6).  These  matrices  were  updated  after  each  analysis,  for 
each  sortie  code,  and  damage  determined. 

The  damage  per  sortie  code  was  determined 

(I)  by  assuming  damage  rates  for  the  omitted  time  intervals  were  the  same  as  those  for  the 
analysed  time  Intervals  and 

(II)  by  assuming  that  no  damage  occurred  during  those  periods  identified  as  inactive  from  an 
examination  of  the  Versatec  plots. 
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Tabic  7  summarises  Information  concerned  with  the  time  Intervals.  It  can  be  seen  that,  In  general, 
the  quality  of  data  was  very  good.  The  ratio  of  Actual  Analysis  Time/Specif led  Analysis  Time  was  seen  to 
vary  between  0.86  and  0.97  for  the  aircraft  Involved  mainly  In  low  level  flying,  and  between  0.96  and  1 
for  the  other  aircraft.  The  Specified  Analysis  time  varied  between  44%  and  57%  of  the  recorded  Flight 
Time.  It  should  be  noted  that  this  latter  parameter  was  not  measured  in  the  flight  load  monitoring 
programme.  It  was  the  time  recorded  on  the  fatigue  meter  records  after  each  flight  by  either  the  pilot, 
or  ground  crew  and  Is  recorded  to  the  nearest  5  minutes.  However,  as  this  time  is  the  figure  used  by  the 
RAF  for  fleet  monitoring  all  damage  was  related  to  it. 

3.8  Results 

The  most  damaging  loading  action  was  found  to  be  that  due  to  flight  through  turbulence  at  low  level. 
Not  only  was  the  turbulence  a  problem  but  additional  loading  due  to  a  0.5  Hz  dutch-roll  response  was  also 
very  evident.  This  was  also  Identified  In  the  1959  study  (Ref.  3).  The  severity  of  the  loading  was 
significantly  more  severe  than  previously  identified.  This  was  attributed  to  a  number  of  factors. 

(1)  time  at  low  level  was  much  greater 

(li)  cruise  speeds  at  low  level  were  between  1.5  and  2  times  greater  than  In  ref.  3  (updated 
engines  in  later  Harks  of  aircraft) 

(111)  the  "low-level"  flying  was  at  a  lower  altitude  than  In  ref.  3. 

The  time  and  speed  at  low  level  were  compared  with  the  figures  quoted  In  the  most  recent  Statement  of 
Operating  Intent.  In  both  cases  the  measured  data  were  greater  than  assumed. 

A  limited  assessment  of  the  use  of  lateral  *g'  as  a  monitor  of  fin  loading  was  made.  A  correlation 
coefficient  of  0.981  was  obtained  for  the  low  level  (most  damaging)  flying  and  this  became  0.970  for 
variable  altitude  flying.  Poor  correlation  was  achieved  In  spins,  however  this  may  have  been  due  to  the 
lateral  'g*  sampling  rate  of  8  sps  being  inadequate  to  identify  the  higher  frequency  fin  loads  occurring 
In  a  spin. 

4.  DISCUSSION 

Both  the  Jaguar  and  the  Jet  Provost  studies  were  successful  in  terms  of  providing  useful  fatigue  data. 
In  both  cases  fin  loading  spectra  were  determined  which  were  more  damaging  than  the  then  current  estimates. 
Iho  analysis  of  time  histories  by  the  "rainflow"  technique  In  order  to  generate  mean  and  alternating  load 
matrices  identified  cycles  about  both  positive  and  negative  mean  loads  as  well  as  those  about  zero  mean. 
Direct  comparison  between  the  two  aircraft  Is  therefore  difficult  to  illustrate.  If  it  Is  assumed  that 
mean  load  Is  of  second  order  importance  then  exceedance  spectra  of  alternating  load  can  be  produced.  These 
are  shown  on  Fig.  13  plotted  as  percentage  of  ultimate  load.  The  typical  spectrum  shown  in  Ref.  1  and  the 
overall  spectrum  for  the  Jet  Provost  from  ref.  3  are  also  shown  for  comparison.  The  Jet  Provost  spectrum 
is  seen  to  be  particularly  severe  on  this  basis. 

The  Jaguar  studies  commenced  by  making  use  of  recording  facilities  and  analysis  processes  already  in 
existence  for  other  purposes.  This  approach  was  not  successful  and  modifications  to  the  programme  were 
necessary.  Subsequently  considerable  useful  experience  was  gained  and  the  Jet  Provost  studies  benefited 
accordingly. 

The  use  of  hard  copy  quick  look  plots  of  time  histories  (Versatec  plots)  prior  to  com  ter  analysis 
was  found  to  be  essential  in  order  to  eliminate  useless  data  and  to  reduce  the  amount  of  computer  time  by 
identifying  active  analysis  time  slices.  Current  studies  are  aimed  at  automating  this  process. 

A  high  degree  of  data  recovery  was  found  to  be  possible  in  the  Jet  Provost  programme  (between  967.  and 
100%  on  one  aircraft). 

5.  CONCLUSIONS 

Two  recenc  empennage  fatigue  load  monitoring  exercises  have  been  described.  In  each  case  digital 
recording  techniques  were  used  and  rainflow  analysis  techniques  were  employed  to  determine  fatigue  loading 
matrices.  Problems  were  encountered  in  analysing  the  recorded  data  and.  these  have  been  enumerated.  The 
more  recent  assessment  of  the  Jet  Provost  provided  a  high  rate  of  data  recovery  and  benefited  from 
experiences  gained  from  the  Jaguar  exercise.  The  conventional  method  of  assessing  fin  load  spectra  was 
found  not  to  provide  an  adequate  safeguard  for  the  later  Marks  of  Jet  Provost  where  significant  changes  in 
operating  patterns  and  speeds  could  not  be  taken  into  account  adequately  by  theoretical  methods. 
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JAGUAR  -  PHASES  OF  CALIBRATION  ANALYSIS 

1.  Determine  suitable  gauge  combinations  for  2  frame  end  load  bridges. 

2.  Select  optimum  pair  of  shear  bridges ,  one  on  each  spar,  and  produce  shear  force  and  torque  equations. 

3.  Determine  response  equations  for  the  2  frame  end  load  bridges  and  select  the  most  appropriate. 

A.  Check  the  accuracy  of  super  posltlors  for  the  frame  end  load  bridge  for  fin  and  talleron  loading. 

5.  Check  repredlctlon  accuracy  for  fin  shear  and  torque  In  the  presence  of  talleron  loads. 

6.  Check  the  frame  end  load  bridge  response  to  talleron  loads. 


JAGUAR  -  CALIBRATION  CASES 


)  Fin  c.p.  checks 

) 

) 

) 

> 

) 

) 

) 

) 

) 


The  table  shows  loads  applied  to  Port  (P),  Starboard  (S)  Up,  or  Down  on  the  fin  and  Port  &  Starboard 
Tallerons . 
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TABLE  3 


JAGUAR  -  CALIBRATION  EQUATIONS  -  REPREDICTION  ERRORS 


LOADING  NO  TAILERON  TAILERON 

ACTION  EFFECT  EFFECT 


Fin  shear  1.15%  1.8% 

Fin  torque  2.25%  4.3% 


Maximum  reprediction  errors  as  percent  limit  load 


TABLE  4 

JAGUAR  -  FIN  LOAD  SPECTRUM 

The  table  shows  counts  per  hour  for  different  combinations  of  mean  and  alternating  loads  expressed  as 
percentages  of  ultimate  design  load. 


Alternating  loads  as  %  ultimate 
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TABLE  5 


JET  PROVOST  -  MEASURED  PARAMETERS 

CHANNEL 

PARAMETER 

SAMPLES 

PER  SECOND 

1 

Fin  root  shear  at  forward  pick-up 

28 

2 

Fin  root  shear  at  raar  spar 

28 

3 

Fin  root  bending  moment  at  rear  spar 

28 

4 

Tailpiane  front  spar  bending,  port 

28 

5 

Tailplane  front  spar  bending,  starboard 

28 

6 

Tailpiane  rear  spar  bending,  port 

28 

7 

Tailplane  rear  spar  bending,  starboard 

28 

8 

Wing  main  spar  lower  boom  strain 

28 

9 

Aircraft  altitude 

4 

10 

Aircraft  speed 

2 

11 

Normal  acceleration  at  aircraft  eg* 

8 

12 

Lateral  acceleration  at  base  of  fin 

8 

13 

Undercarriage  selection 

2 

TABLE  6 


JET  PROVOST  -  ANALYSED  LOAD-TIME  HISTORIES 

•  Fin  side  load 

.  Fin  root  bending  moment 

.  Fin  forward  attachment  shear 

.  Port  tailplane  root  bending  moment 
.  Starboard  tailplane  root  bending  moment 
.  Port  tailplane  attachment  loads 
.  Starboard  tailplane  attachment  loads 


TABLE  7 

JET  PROVOST  -  SUMMARY  OF  ANALYSED  DATA 


SORTIE 

CODE 

LOW  LEVEL  NAVIGATIONAL  ROLE 

MIXED  TRAINING  ROLE 

FLIGHTS 

ACTUAL 

SPECIFIED 

FLIGHTS 

ACTUAL 

SPECIFIED 

NO 

TIME 

SPECIFIED 

FLIGHT  TIME 

NO 

TIME 

SPECIFIED 

FLIGHT  TIME 

i 

- 

- 

- 

10 

27 

0.96 

0.72 

2 

19 

65 

0.95 

0.86 

8 

54 

1.00 

0.78 

3 

- 

- 

- 

- 

3 

58 

0.98 

0.75 

4 

16 

58 

0.97 

0.71 

7 

54 

0.98 

0.74 

5 

- 

- 

- 

- 

11 

66 

0.99 

0.59 

6 

9 

61 

0.86 

0.64 

17 

62 

0.98 

0.69 

7 

- 

- 

- 

- 

5 

63 

0.99 

0.69 

8 

- 

- 

- 

- 

4 

51 

1.00 

0.44 

9 

- 

- 

- 

- 

1 

20 

0.96 

1.58 

Time 
Actual 
Specified 
Flight  Time 


:  Minutes 

:  Actual  time  analysed  in  each  flight 
:  Specified  time  to  be  analysed  in  each  flight 
:  Flight  duration  recorded  on  fatigue  record  sheets 


Raar  Spar 
Shaar  Brldgaa 


Fig  4  Strain  Gauga  Locations 
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CF-5  VERTICAL  STABILIZER  FLIGHT  LOAD  SURVEY 


by 


N.  Nguyen  Trong 

Military  Support ,  Technical  Department 
Canadair  Limited 
P.O.  Box  6087,  Montreal,  P.Q. 
Canada,  H3C  3G9 


SUMMARY 


The  CF-5  Vertical  Stabilizer  has  long  been  recognized  as  a  critical 
structural  item.  In  order  to  arrive  at  a  reliable  life  prediction  for  this 
particular  structure,  a  flight  load  survey  was  carried  out  to  determine  the  load 
spectra. 

Specific  missions  were  flown  with  an  instrumented  aircraft  and  the 
resulting  load  spectra  were  factored  to  represent  the  reported  mission  profiles 
for  squadron  aircraft.  Subsequently,  it  was  decided  to  monitor  a  percentage  of 
the  fleet  during  routine  operation  and  derive  mo”  representative  spectra. 

This  paper  compares  the  results  of  the  flight  load  survey  and  the  load 
monitor*::.;  program  and  their  effect  on  the  fatigue  life  prediction  and  damage 
toler?"  e  analysis  results. 

It  concludes  that  a  short  flight  test  program  gives  valid  results  which  are 
useful  for  immediate  use,  and  that  the  fleet  wide  load  monitoring  program 
consolidates  and  verifies  ths  findings. 


1.  INTRODUCTION i 

Northrop  fatigue  test  on  a  F-5E  full-scale  original  design  Vertical 
Stabilizer  showed  cracks  in  the  rear  fuselage  formers  and  stabilizer-to- 
fusolage  attachment  angle.  More  importantly,  this  cracking  was  followed  soon 
after  by  a  fatigue  crack  at  the  side  skin  root  radius,  (Figure  1).  This  3kin  is 
considered  most  structurally  critical  as  its  failure  will  lead  to  the  loss  of 
the  Vertical  Tail.  As  a  result,  Northrop  subsequently  changed  the  design  of  the 
F-5E  Vertical  Stabilizer.  Inspection  of  the  CF-5  aircraft  revealed  a  high 
percentage  of  the  fleet  having  cracks  in  the  rear  formers  similar  to  those  found 
in  the  F-SE  fatigue  test.  Since  the  CF-5  Vertical  Stabilizer  is  identical  to 
the  one  used  in  the  F5E  test,  this  prompted  concern  for  its  fatigue  and  damage 
tolerance  lives. 

Consequently,  Canadair  was  asked  by  the  Canadian  Forces  to  establish 
the  safe  life,  damage  tolerance  characteristics  and  inspection  intervals  for  the 
CF-5  Vertical  Stabilizer.  This  led  to  the  need  to  obtain  the  CF-5  Vertical 
Stabilizer  actual  load  spectrum  by  means  of  a  flight  load  survey  program.  This 
was  considered  necessary  as  the  load  spectra  previously  used  in  No. chrop 
analytical  studies  had  been  based  on  design  values  for  the  frequencies  of 
encountering  dynamic  yaw  and  rolling  pull-out  conditions.  Two  survey  programs 
were  carried  out  as  follows: 

a)  A  short-term  limited  flight  test  program  with  an  instrumented  aircraft. 
This  provided  an  indication  of  the  overall  flight  load  spectrum. 

b)  A  long-term  load  monitoring  program  on  a  percentage  of  the  fleet  using 
Mechanical  Strain  Recorders  (MSR).  This  program  yielded  a  more 
representative  load  spectrum  than  that  obtained  from  tho  short-term 
program. 

2.0  SHORT-TERM  FLIGHT  TEST  PROGRAM: 

2 . 1  Instrumentation : 

The  instrumentation  system  used  in  the  flight  test  was  entirely  on 
board  the  aircraft  and  consisted  of  sensors  for  both  flight  and  structural 
parameters.  These  sensors  included  strain  gauges,  skin  surface  temperature 
gauges  and  lateral  accelerometer.  The  locations  of  the  strain  gauges  on  the 
port  and  starboard  Vertical  Tail  side  skins  are  shown  in  Figures  2  and  3 
respi-'-.  '.vely.  All  the  gauges  were  used  in  the  ground  calibration  and  gauges  6, 
and  •  each  on  both  tho  port  and  starboard  sides)  were  selected  to  produce  the 
Vert”,  i.  Tail  lateral  bending  moment. 
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2.2  Ground  Calibrations! 

The  ground  calibrations  o£  the  strain  gauges  were  done  by  Canadair 
with  lateral  load  applied  to  the  Vertical  Stabllizerby  means  of  a  hydraulic 
jack.  The  applied  load  was  measured  by  a  load  cell  between  the  jack  and  the 
tail  surface.  Readings  were  taken  directly  from  the  strain  gauges,  without 
going  through  the  aircraft  instrumentation  system.  A  detailed  description  of 
the  calibration  is  contained  in  Ref.  2.  Four  qauges  6?,  6S,  7P  and  7S  (Figures 
2  and  3)  were  essentially  linear  with  respect  to  the  lateral  bending  moment  Mx 
and  were  not  affected  by  torsion.  As  a  result,  these  four  gauges  were  selected 
to  measure  in-flight  lateral  bending  moments  on  the  Vertical  Stabilizer  at 
WL17.58*.  All  four  gauges  were  sufficiently  accurate  throughout  their  range 
that  they  could  be  used  to  cross  cheek  and  back  up  each  other.  Furthermore, the 
responses  of  gauges  IP  and  IS  were  also  recorded  to  provide  an  instrumentation 
redundancy. 

2.3  Preliminary  Flight  Tests; 

To  ensure  proper  operation  of  the  instrumentation  and  build  up 
confidence  in  the  load  measurement  procedure,  a  series  of  preliminary  flight 
tests  were  carried  out.  The  manoeuvre  performed  was  a  rudder  reverse  manoeuvre. 
The  aircraft  was  stabilized  in  a  wings  level  sideslip  with  full  right  rudder 
deflection  (i.e.,  deflected  to  its  hinge-moment  limit).  The  rudder  was  then 
reversed  at  the  maximum  possible  rate  and  held  at  full  left  deflection  until  the 
aircra*'  stabilized.  Wings  were  held  level  throughout  with  the  application  of 
aileron.  Lateral  bending  moment  was  measured  during  this  manoeuvre  at  various 
altitudes  and  speeds.  The  results  were  then  compared  to  Northrop  flight  tast 
data  from  Ref.  3.  Good  agreement  was  obtained  and  reported  in  Ref.  4.  This 
r-rmffrmed  that  the  aircraft  is  representative  of  standard  aircraft  for  load 
measurement  purposes. 

2.4  Flight  Loads  Survey! 

Twelve  flights  were  executed  with  mission  segments  representative  of 
squadron  usage  of  the  CF-S  aircraft.  To  provide  a  good  coverage  of  possible 
conditions,  different  external  store  configurations,  different  techniques  of 
rudder  manipulation  and  different  pilots  were  used.  A  summary  of  flights  is 
given  in  Table  1.  The  pilots  were  instructed  to  maximize,  rather  than  minimize, 
the  magnitude  and  occurrence  rate  of  sideslips  by  using  rudder  and  abrupt 
aileron  control  input  freely. 

TABLE  1  -  LOADS  SURVEY  FLIGHTS 


FLIGHT 

EXTERNAL 

NUMBER 

MISSIONS 

CONFIGURATIONS 

pi 

F2 

F3 

P4 

Air  Combat  Training 

No  external  stores 

FS 

Handling  and  Formation 

F6 

Centerline  tanks 

F? 

Low  level  navigation,  reconnaissance 
and  tactical 

F8 

Low  level  navigation,  reconnaissance 
and  tactical 

WS  8  5  tanks 

F10 

Low  level  navigation  and  range 

PLUS 

FI  2 

FI  2 

weapons  deliveries 

SUU-20 

No  attempt  was  made  to  duplicate  individual  squadron  mission 
profiles.  Instead,  a  "building  block"  approach  was  used.  For  this,  mission 
phases  such  as  take-off,  aerobatics,  etc  ,  often  common  to  different  squadron 
mission  profiles,  were  isolated  in  each  flight  and  flight  test  data  was  obtained 
for  each  phase.  Complete  missions  could  then  be  built  from  the  appropriate 
mission  phases.  Table  2  summarizes  the  mission  phases  for  which  flight  test 
data  was  obtained.  Table  3  shows  a  typical  mission  profile  build-up  from  these 
mission  phases  for  a  particular  CF-S  squadron. 
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TABLE  2  -  CF-S  Mission  Phase  Description 


Mission 

Phase  No. 

Description 

1 

Taxi 

2 

Take-Off 

3 

Non-manoeuvring 

(included:  acceleration,  climb,  cruise,  handling 
stalls,  recovery,  visual  landing  patterns,  TACAN, 
radar  square,  radar  base,  radar  final,  patterns 
"8*  and  "0"  RTB  IPR,  RTB  VFR,  relights,  refuelinq 
pattern,  basic  IP) 

4 

Handling  Aerobatics 

(included:  loop,  roll,  cuban  eight,  clover  leaf, 
unusual  attitudes,  135'  slice,  reversal  turns, 
reversal  pull-up,  extension  and  confidence 
manoeuvres,  firing  pass  uphill  and  down  hill, 
instrument  aeros,  mach  run) 

5 

Formation  Handling 

( included:  formation  exercises,  breaks,  rejoins, 
trail  line  astern,  wing  position) 

6 

Air  Combat  Manoeuvres 
(included:  attacker,  defender) 

7 

Weapons  Patterns,  Low  Angle 

8 

Weapons  Patterns,  High  Anqle 

9 

Landing 

10 

Low  Level  Navigation 
(Speed:  below  400  KIAS) 

11 

Low  Level  Navigation 
(Speed:  400  to  450  KIAS) 

12 

Low  Level  Navigation 
(Speed:  above  450  KIAS) 

13 

Route  Reconnaissance 

TABLE  3  -  TYPICAL  CF-5  MISSION  PROFILE 


MISSION 

(A) 

(B) 

(C) 

(D) 

<g> 

(0) 

(H) 

BBSS 

.  <K> 

Mission 

Phase 

EHM 

Hi 

m 

EH 

Efims 

1 

1 

7.0 

7.0 

7.0 

]  2.0 

7.0 

8.5 

7.0 

2 

())** 

Kujfl 

(1  ) 

mm 

n  > 

O) 

o  > 

o ) 

(3  ) 

(3  ) 

3 

cm 

wtnm 

63.5 

54.5 

61.5 

12.5 

39.75 

36.25 

76.75 

3.75 

0.6 

12.0 

1.0 

9.0 

22.0 

8 

1.0 

9.0 

22.75 

(2) 

(!) 

(1) 

(1) 

(2) 

(1) 

(1) 

(1) 

(1) 

(3) 

In 

3.0 

• 

m 

MEM 

BtXi 

■ 

wm 

Hi 

65.5 

71.0 

73.25 

80.25 

9 

£9.75 

72.0 

60.0 

47.0 

85.0 

3.5% 

25.7% 

5.0% 

4.0% 

5.0% 

<fO 

© 

© 

39.8% 

35.5% 

38.0% 

Rate  (MFR) 

HU 

NOTE:  *  The  time  is  expressed  in  minute  and  decimal. 

**  The  data  enclosed  between  brackets  is  the  number  of  events 
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2.  S  Data  Reduction! 

A  total  of  10  hours  of  flight  data  was  collected  from  the  fliqht 
tests.  To  establish  the  bending  moment  spectrum  at  the  root  of  the  Vertical 
Stabilizer,  the  banding  moment  magnitude  and  occurrences  had  to  be  extracted 
from  the  data  obtained  from  the  flight  tests.  For  this  purpose,  the  "Peak 
Between  Zero"counting  method  was  used.  Under  this  method,  the  bending  moments 
were  segregated  Into  two  types  -  the  positive  and  negative  bending  moments.  A 
fatigue  cycle  was  counted  between  two  changes  of  the  bending  moment  sign.  The 
value  assigned  to  this  cycle  was  the  maximum  or  the  minimum  peak  valye  recorded 
in  the  cycle.  Figure  4  illustrates  the  method. 

The  duration  of  each  mission  was  "standardized"  to  one  hour  for  ease 
of  computing.  The  bending  moment  occurrences  obtained  by  the  "Peaks  Between 
2ero"  counting  method  for  the  "standardized"  mission  phases  in  a  particular 
mission  were  summed  up  to  yield  the  bending  moment  spectrum  for  each  one  hour 
mission.  Knowing  the  Monthly  Flight  Rate  (MFR)  of  each  particular  mission  in 
each  squadron  (Table  3),  the  Vertical  Stabilizer  bending  moment  spectrum  for 
each  squadron  was  established  for  a  flying  period  of  1,000  hours.  Table  4 
provides  this  spectrum  for  Squadron  'A'  as  the  number  of  occurrences  and 
cumulative  occurrences  versus  Lateral  Bending  Moment  Mx. 

TABLE  4  -  CF-5  VERTICAL  STABILIZER  LATERAL  RENDINO  MOMENT  Mx 
SPECTRUM  OBTAINED'  FROM  SHORT  TERM  FLIGHT  TEST  PROGRAM  (SQUADRON 
'A'). 


Mx  AT 

WL  17.58 

OCCURRENCES 

PER 

1000  HRS 

CUMULATIVE 

EXCEEDANCES 

PER  1000  HRS 

(lb-ins) 

<N-m) 

-250,000 

(-28,246) 

80 

80 

-230,000 

(-25,987) 

0 

80 

-210,000 

(-23,727) 

248 

328 

-190,000 

(-21,467) 

0 

328 

-170,000 

(-19,208) 

475 

P.03 

-150,000 

(-16,948) 

216 

1,019 

-130,000 

(-14,688) 

456 

1,475 

-110,000 

(-12,428) 

590 

2,065 

-  90,000 

(-10,169) 

1,115 

3,180 

-  70,000 

(-  7,909) 

3,681 

6,861 

-  50,000 

(-  5,649) 

12,516 

19,377 

-  30,000 

(-  3,390) 

108,753 

128,130 

-  10,000 

(-  1,130) 

1,027,835 

1,155,965 

10,000 

(  1,130) 

397,225 

1,16] ,403 

30,000 

(  3,390) 

661,309 

764,178 

50,000 

(  5,649) 

81,312 

103,069 

70,000 

(  7,909) 

11,014 

23,757 

90,000 

(  10,169) 

4,563 

10,743 

110,000 

(  12,428) 

2,730 

6,170 

130,000 

(  14,688) 

1,129 

3,440 

150,000 

(  16,948) 

1 ,0)5 

2,31) 

170,000 

(  19,208) 

614 

1,296 

190,000 

(  21,467) 

462 

682 

210,000 

(  23,727) 

240 

320 

230,000 

(  25,987) 

80 

80 

250,000 

(  28,246) 

0 

0 

Figure  5  shows  the  plot  of  this  spectrum 
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3.0  LONG-TERM  FLEET  LOAD  MONITORING  PROGRAM; 

To  obtain  more  statistically  valid  data,  a  fleet  load  monitoring 
program  was  carried  out  for  three  years.  About  20A  of  the  fleet  aircraft  were 
instrumented  and  monitored  during  this  period  of  time. 

3.1  Instrumentat ion : 

Each  monitored  aircraft  in  this  program  was  fitted  with  a  Mechanical 
Strain  Recorder  (MSR)  as  shown  in  Figure  6.  The  MSR,  (Pig.  7),  manufactured  hy 
Leigh  Instruments  Limited,  records  strain  mechanically  and  is  independent  of 
aircraft  systems  for  power  or  data  inputs.  It  includes  two  arms  which  are 
bonded  to  the  aircraft  structure;  one  drives  a  stylus  and  the  other  holds  a 
cassette  of  metal  tape.  Strain  on  the  structure  produces  a  relative  deflection 
of  the  two  arms,  causing  the  stylus  to  etch  a  trace  of  strain  history  of  the 
structure.  The  strain  motion  is  also  used  to  mechanically  advance  the  cassette 
tape  so  that  strain  cycles  are  recorded  in  sequence,  hut  not  on  a  regular  time 
base.  No  electrical  or  other  power  source  is  required  for  MSR  operation.  The 
MSR  requires  no  maintenance,  except  for  periodic  tape  changes,  and  therefore  is 
attractive  for  long  term  loads  monitoring,  it  has  already  found  application  on 
the  USAF  F-16,  A-37,  and  A-10  fleet;  and  on  F-5  aircraft,  includinq  CF-5s,  for 
monitorinq  wing  loads  in  a  multi-national  service  life  extension  study. 

3.2  Ground  Calibration; 


During  the  calibration  of  the  electric  strain  gauges  used  in  the 
short-term  flight  test  program  (Ref.  Section  2.2),  a  MSR  was  also  installed  on 
the  test  aircraft  and  a  correlation  between  the  mcr  and  the  electrical  strain 
gauges  was  established  on  the  basis  of  strain  measurement.  A  direct 
relationship  between  the  MSR  micro  strain  and  the  Vertical  Stabilizer  lateral 
bending  moment  was  obtained  as  follows: 

8M  =  230.75  MSR  -  1030 

where  BM  «  lateral  bending  moment  in  lbs  at  ML  17.58 
and  MSR  =  measured  strain  in  microstrain 

3.3  Preliminary  Flight  Tests; 

Flight  tests  were  carried  out  to  demonstrate  the  structural  Integrity 
of  the  MSR  installation  and  to  determine  its  effect  on  aircraft  flying 
qualities.  A  series  of  steady  state  and  dynamic  yaw  and  roll  manoeuvres  was 
flown  with  and  without  the  MSR  and  cover  Installed  to  identify  changes  in 
aircraft  response. 

It  was  anticipated  that  any  effect  on  aircraft  flying  qualities,  due 
to  the  location  of  the  MSR  at  the  base  of  the  Vertical  Stabilizer,  would  he 
evident  in  changes  to  the  aircraft's  Dutch  roll  characteristics,  available 
rudder  travel  (rudder  travel  is  normally  hinge-moment  limited)  and/or  steady 
sideslip  characteristics.  Comparison  of  data  obtained  with  and  without  the  MSR 
indicatei  that  these  characteristics  were  essentially  unchanged  except  at  5,000 
feet  and  0.92  Mach  where  increased  right  rudder  travel  indicated  a  reduction  in 
rudder  hinge  moment  (probably  due  to  shock  effects)  and  an  Increased  ratio  of 
sideslip  angle  to  rudder  deflection  with  right  rudder  inputs  indicating  an 
increase  in  the  coefficient  of  yawing  moment  due  to  rudder  deflection.  It  was 
not  anticipated  that  these  effects  would  noticeably  alter  the  aircraft's  flying 
qualities.  Additional  details  of  the  flight  test  results  and  analysis  are 
presented  in  Annex  B  of  Ref.  4. 

3.4  Flight  Load  Monitorinq; 

The  load  monitoring  of  the  Vertical  stebili  .cr  with  the  MSR  unit  was 
continuously  carried  out  for  a  period  of  about  3  years.  All  monitored  aircraft 
were  to  perform  normal  flight  operations.  No  attempt  was  made  to  maximize  or 
minimize  the  tail  loads  at  any  time.  The  MSR  cassettes  where  the  strain  was 
recorded  were  changed  periodically  to  avoid  tape  run-out. 

3.5  Data  Reduction: 


Each  used  cassette  was  sent  to  Leigh  Instruments  for  processing  and 
the  microstrain  recordings  read.  Using  the  transfer  function  described  in 
Section  3.2  the  lateral  bending  moment  on  the  Vertical  Stabilizer  could  be 
obtained.  The  "Peak  Between  Zero"  counting  method  was  also  used  to  obtain  the 
number  of  occurrences  at  a  particular  bending  moment  level.  The  Vertical 
Stabilizer  lateral  bending  moment  spectrum  was  established  by  adding  up  all  the 
occurences  counted  at  each  bending  moment  level  from  all  the  monitored  aircraft 
in  each  particular  squadron.  A  1,000  flying  hour  basis  was  used  to  produce  the 
spectrum. 
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In  order  to  determine- the  validity  of  the  data  used  for  the  spectra,  a 
statistical  test  is  performed.  The  formula  (Ref.  8). 

n  *  )  <T 

e2 

where  n  *  number  of  hours 

e  ■  error  «  0.1  x  mean 

confidence  level  0.96  for  95%) 

*  standard  deviation 

is  used  to  calculate  the  hours  required  to  be  95%  confident  that  the  error  in 
the  mean  is  less  than  10%.  The  standard  deviation  is  calculated  by  dividing  the 
difference  between  the  maximum  and  minimum  counts  per  hour  by  6.  This  method  is 
described  on  Page  264  of  Ref.  8)  and  is  based  on  the  fact  that  the  mean  plus  or 
minus  3  standard  deviations  would  include  almost  100%  of  the  potential 
observations.  If  the  total  number  of  hours  of  data  that  has  been  collected  is 
greater  than  the  required  hours  then  enough  data  has  been  processed. 

A  total  of  1273  hours  of  data  were  collected  for  squadron  'A*. 
However,  about  13%  of  this  data  was  not  acceptable  and  was  rejected  before  the 
reduction  of  data. 

3.6  Results  ot  the  Plight  Load  Monitoring! 

Table  5  provides  the  Vertical  Stabilizer  lateral  bending  moment 
spectrum  obtained  from  the  long-term  load  monitoring  program.  Figure  8  shows 
the  plot  of  this  spectrum.  More  details  of  the  flight  load  monitoring  program 
can  be  found  in  Ref.  7. 

TABLE  5  -  CP-5  VERTICAL  STABILI2ER  LATERAL  RENDING  MOMENT  M. 

SPECTRUM  OBTAINED  FROM  THE  LONG-TERM  FLIGHT  LOAD  MONITORING  PROGRAM 
( SQUADRON  'A') 


Mx  AT  WL  17.58 

OCCURRENCES 

PER 

1000  HRS 

CUMULATIVE 

EXCEEDANCES 

PER  1000  HRS 

(lb-ins) 

(N-m) 

-250,000 

(-28,246) 

37 

37 

-230,000 

(-25,987) 

21 

58 

-210,000 

(-23,727) 

66 

124 

-190,000 

(-21,467) 

98 

222 

-170,000 

(-19,208) 

236 

458 

-150,000 

(-16,948) 

647 

1,105 

-130,000 

(-14,688) 

1,753 

2,858 

-110,000 

(-12,428) 

4,020 

6,878 

-  90,000 

(-10,169) 

7,734 

14,612 

-  70,000 

(-  7,909) 

9,318 

23,930 

-  50,000 

(-  5,649) 

5,935 

29,865 

-  30,000 

(-  3,390) 

2,329 

42,194 

-  10,000 

<-  1,130) 

646 

32,840 

10,000 

(  1,130) 

5,251 

32,812 

30,000 

(  3,390) 

11,156 

27,563 

50,000 

(  5,649) 

8,744 

36,405 

70,000 

(  7,909) 

4,659 

7,661 

90,000 

(  10,169) 

1,970 

3,002 

110,000 

(  12,428) 

653 

1,032 

130,000 

(  14,688) 

214 

379 

150,000 

(  16,948) 

83 

165 

170,000 

(  19,208) 

43 

82 

190,000 

(  21,467) 

35 

39 

210,000 

(  23,727) 

13 

24 

230,000 

(  25,987) 

4 

11 

250,000 

(  28,246) 

7 

7 

4.0  COMPARISON  OF  RESULTS: 


4.1  Comparison  of  Load  Spectrum; 

Figure  9  shows  the  two  Vertical  Stabilizer  Bending  Moment  spectra 
obtained  from  the  short  and  long-term  load  monitoring  programs.  The  spectrum 
obtained  from  the  short-term  flight  test  is  more  severe. 

4.2  Comparison  of  Fatigue  and  Damage  Tolerance  Analysis  and  Results: 

Analyses  were  carried  out  to  determine  the  fatigue  and  damage 
tolerance  lives  for  the  CF-5  Vertical  Stabilizer  based  c the  two  spectra  shown 
in  Figure  9.  Table  6  provides  the  results  of  these  analyses. 
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TABLE  6  -  COMPARISON  OF  RESULTS 


Based  on  Short 
Term  Load  Moni¬ 
toring  Spectrum 

Based  on  Long 
Term  Load  Moni¬ 
toring  Spectrum 

Difference 

FATIGUE  LIFE  (HRS) 
INCLUDING  A  SCATTER 
FACTOR  OF  4 

2000 
(Ref.  5) 

3420 

-42% 

DAMAGE  TOLERANCE 
LIFE  (HRS)* 

2600 
(Ref.  5) 

2660 
(Ref.  6) 

-2% 

"Assuming  an  initial  flaw  of  0.050"  as  per  Ref.  1. 

5.0  DISCUSSION  AND  CONCLUSION; 

From  the  comparison  of  results  (Section  4)  it  is  seen  that  the 
short-term  flight  test  led  to  more  severe  load  spectrum  for  the  Vertical 
Stabilizer  lateral  bending  moment.  This  resulted  in  more  conservative  fatigue 
and  damage  life  estimates  for  the  side  skin  of  the  Vertical  Tail.  This 
condition  is  somewhat  expected  since  the  pilots  for  short-term  flight  te3t 
program  were  instructed  to  exaggerate  the  rudder  manipulation  while  no  special 
instructions  were  given  to  pilots  in  the  long-term  load  monitoring  program. 

Also,  the  data  available  for  the  short-term  program  is  very  limited 
compared  to  that  of  the  long-term  program  (10  hrs  vs  1128  hrs  of  data). 

Therefore  the  statistical  validity  of  the  resultant  load  spectrum  is 
restricted. 

However,  the  short-term  program  had  the  merit  of  being  less  time 
consuming  (2  weeks  vs  3  years)  as  well  as  inexpensive.  The  time  factor  was 
quite  important  in  this  case  as  a  quick  and  relatively  realistic  estimate  for 
the  Vertical  Stabilizer  fatigue  life  was  needed  to  ensure  the  structural 
integrity  of  the  aircraft  during  the  more  long-term  flight  load  survey. 

In  conclusion,  the  2  different  methods  of  load  measurement  used  on  the 
CF-5  Vertical  Stabilizer  produced  quite  compatible  load  spectra.  The  long-term 
load  monitoring  method  is  obviously  preferable  since  a  more  realistic  and 
statistically  valid  spectrum  is  obtained.  However,  a  short-term  flight  test 
with  carefully  selected  flight  phases  and  accurate  mission  profiles  can  also 
lead  to  very  acceptable  results  within  limited  time  and  cost. 
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FIGURE  3  —  STRAIN  GAUGE  LOCATIONS  —  VERTICAL  STABILIZER 
STARBOARD  SIDE 


PEAK  HISTORY  COMPLETED  BY  THE  PROGRAM. 


FIGURE  4  -  PEAK  BETWEEN  ZERO  COUNTING  METHOD 
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FIGURE  7  -  LEIGH  INSTRUMENTS  MECHANICAL  STRAIN  RECORDER 
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FIGURE  8-  CF-5  VERTICAL  STABILIZER  LATERAL  BENDING  MOMENT  SPECTRUM 

OBTAINED  FROM  THE  LONG  TERM  LOAD  SURVEY  MONITORING  PROGRAM 
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F-16  FORCE  MANAGEMENT,  YESTERDAY,  TODAY  AND  TOMORROW 
by 

R.  L.  CULP 
Engineer 

F-16  Loads  and  Criteria 
General  Dynamics  Corporation 
Fort  Worth  Division 
P.  0.  BOX  748  MZ  2802 
Fort  Worth,  Tx  USA  76101 


SUMMARY 

United  States  Air  Force  regulations  specify  that  a  Force  Management  Program  will  be 
established  for  each  aircraft  system  within  its  inventory.  This  paper  presents  the  approach 
taken  by  General  Dynamics  to  fulfill  the  objectives  of  the  Force  Management  Program  for 
the  F-16  aircraft.  The  methodology  employed,  the  current  status  and  the  future  plans  for 
the  F-16  Force  Management  Program  in  the  areas  of  operational  data  acquisition,  processing 
and  airframe  structural  maintenance  planning  are  discussed  in  detail. 


1.  INTRODUCTION 

The  overall  requirements  for  aircraft  force  management  programs  are  given  in  Air 
Force  Regulation  80-13  which  established  the  Air  Force  Aircraft  Structural  Integrity  Pro¬ 
gram  (ASIP) . 

The  basic  concept  of  ASIP,  as  given  in  AF  Reg  80-13,  Reference  1,  is  a  "time-phased 
set  of  required  'actions  to  be  performed  at  the  optimum  time  during  the  life  cycle  of  an 
aircraft  system,  to  insure  that  the  aircraft's  service  life  capability  is  at  least  equal 
to  its  required  service  life." 

The  objectives  of  the  ASIP  are  to: 

-  Establish,  evaluate,  and  substantiate  the  structural  integrity  (airframe  strength, 
rigidity,  damage  tolerance  and  durability)  of  the  aircraft. 

-  Acquire,  evaluate,  and  utilize  operational  usage  data  to  provide  a  continual 
assessment  of  the  in-service  Integrity  of  individual  aircraft. 

-  Provide  information  for  decisions  regarding  force  structural  planning, 
modification  priorities,  and  related  operational  and  support  decisions. 

-  Provide  a  basis  to  improve  structural  criteria  and  methods  of  design,  evaluation, 
and  substantiation  for  future  aircraft  systems. 

The  detailed  technical  requirements  for  the  ASIP  are  contained  in  MIL-STD-1530A, 
Reference  2,  and  are  made  up  of  five  major  tasks.  The  first  three  tasks  are  concerned 
with  design  information,  design  analyses  and  development  tests,  and  full  scale  testing. 

The  last  two  tasks,  ASIP  Tasks  IV  and  V,  are  defined  as  the  Force  Management  Program  and 
are  concerned  with  developing  force  management  data  packages,  collecting  operational  load 
indicators  and  usage  data,  and  operating  force  management  procedures  to  ensure  safe  struc¬ 
tural  service  life  of  individual  aircraft  during  the  aircraft's  operational  phase. 

This  paper  specifically  addresses  the  particular  methods  of  force  management 
selected  for  the  United  States  Air  Force  F-16  aircraft,  in  the  past,  at  present,  and  in 
the  future.  Section  2  provides  background  information  as  to  the  prescribed  methodology 
to  accomplish  the  elements  of  ASIP  Task  IV.  Section  3  discusses  the  current  utilization 
of  operational  data  as  required  for  Task  IV  and  the  data  management  transfer  effort 
necessary  for  implementation  of  ASIP  Task  V.  Section  4  presents  the  plans  for  F-16 
force  management  in  the  future. 
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2.  FORCE  MANAGEMENT  METHODOLOGY  BACKGROUND 

To  accomplish  the  objectives  of  ASIP  Task  IV  for  the  F-16  aircraft,  the  contractor. 
General  Dynamics,  is  required  to  provide  the  VLr  F'"-™  with  a  force  management  data 
package.  This  package  is  required  to  be  adequate  to  manage  force  operations  and  mainten¬ 
ance  planning  during  Air  Force  operation  of  the  force  management  program  during  ASIP 
Task  V.  Table  2.1  lists  the  elements  of  Tasks  IV  and  V  as  defined  by  MIL-STD-1530A. 

The  following  sections  discuss  the  methodology  developed  to  accomplish  each  of  the  elements 
prescribed  in  ASIP  Task  IV  for  the  F-16  Force  Management  Program  (FMP) . 

table  2.1 

USAF  AIRCRAFT  STRUCTURAL  INTEGRITY  PROGRAM  TASKS 
(MIL-ST0-IS30A) 


TASKS  TO  ASSESS  0ESIGN  AND  PLAN  STRUCTURAL 
OPERATION  AND  MAINTENANCE 

CONTRACTOR 

AIR  FORCE 

TASK  IV 

TASK  V 

FORCE  MANAGEMENT 

DATA  PACKAGE 

FORCE 

MANAGEMENT 

FINAL  ANALYSIS 

loads/environment 

SPECTRA  SURVEY 

STRENGTH  SUMMARY 

INDIVIDUAL  AIRPLANE 
TRACKING  DATA 

FORCE  STRUCTURAL 
MAINTENANCE  PLANS 

INDIVIDUAL  AIRPLANE 
MAINTENANCE  TIMES 

L0A0S/ENVIR0NMENT 
SPECTRA  SURVEY 

STRUCTURAL  MAINTENANCE 
RECORDS 

INDIVIDUAL  AIRPLANE 
TRACKING  PROGRAM 

2.1  Final  Analysis 

During  the  design  program  for  the  F-16  aircraft,  structural  static  strength  design 
loads  and  stress  transfer  functions  were  based  on  accepted  analytical  methods  and  eval¬ 
uation  of  empirical  data  from  wind  tunnel  and  computer  simulated  testing.  An  initial 
update  of  the  design  loads  analysis  was  accomplished  upon  completion  of  the  F-16  full- 
scale  development  (FSD)  structural  laboratory  and  flight  test  programs. 

Concurrent  with  the  initial  update  of  the  design  loads  analysis,  a  flight-by-flight 
randomized  gust  and  maneuver  loads  spectrum  was  developed  for  use  in  durability  and 
damage  tolerance  analysis  (DADTA) .  The  updated  F-16  Design  Loads  Spectrum  was  a  combina¬ 
tion  of  two  detailed  efforts: 

1.  A  Design  Loads  Library  was  developed  incorporating; 

-  wind  tunnel  steady-state  aerodynamic  data 

-  predictions  of  static  aeroelastic  and  dynamic  loads 

-  analog-digital  hybrid  computer  simulated  aircraft  maneuver  response  data 

-  limited  YF-16  prototype  flight-measured  loads  data 

2.  A  Design  Usage  Model  was  defined  as; 

-  8000  hour  service  life  over  15  years 

-  5776  sorties  with  6592  landings  (816  touch  and  go) 

-  mission  category  mix; 

-  55.5%  air-to-air  missions 

-  20.0%  air-to-ground  missions 

-  24,5*  general  missions 
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Based  on  the  durability  and  damage  tolerance  analyses  of  the  F-16  Design  Loads 
Spectra,  rational  criteria  were  developed  to  establish  the  inspection  and  repair 
scheduling  and  procedures  for  the  F-16  aircraft  for  the  initial  operational  usage. 

These  criteria  considered  the  ty,<.s  of  material  and  construction,  critical  crack  lengths, 
inspection  capabilities  and  liir  ts  of  repair  of  the  aircraft  structure. 

The  objectives  of  the  duraoility  and  damage  tolerance  analyse”  were  to: 

-  evaluate  the  durability  and  stress  corrosion  cracking  of  the  airframe  structure 

-  evaluate  primary  safety-of-flight  structure  for  damage  tolerance  requirements 
and  to  identify  those  in-service  inspections  required  to  ensure  aircraft  safety. 

To  accomplish  these  objectives,  DADTA  methods  of  damage  tolerance  crack  growth 
analysis,  assuming  a  typical  initial  material  and/or  manufacturing  flaw,  were  used.  To 
as  ess  the  effects  of  usage  on  the  crack  growth  predictions,  a  parametric  study  was  con¬ 
ducted  by  varying  the  design  usage  missi'  n  mix  model.  The  results  of  these  analyses 
were  then  used  to  prepare  the  initial  Forci.  Structural  Maintenance  Plan,  discussed  in 
Section  2.3,  and  provided  a  crack  growth  library  for  subsequent  use  in  the  Individual 
Airplane  Tracking  Program  described  in  Section  2.5. 

The  Final  Analysis  element  of  the  FMP  requires  that  alter  the  aircraft  have  been 
operational  for  a  specified  period  of  time  (three  years  for  the  F-16)  a  Baseline  Opera¬ 
tional  Loads  Spectrum  will  be  derived  from  operational  data  collected  during  the  Loads/ 
Enviro'ment  Spectra  Survey  discussed  in  Section  2.4.  The  durability,  damage  tolerance 
and  service  life  analysis  will  be  repeated  using  this  baseline  spectrum  to  update  inspec¬ 
tion  and  modification  requirements  for  the  airframe  structural  components.  A  description 
of  the  methods  employed  to  accomplish  this  task  is  presented  in  Section  3. 

2 . 2  Strength  Summary 

The  strength  summary  describes  structural  design  and  certification  accomplishments 
for  the  F-16  airframe  and  landing  gear.  It  includes  structural  design  criteria,  struc¬ 
tural  arrangement,  materials,  design  load  conditions,  damage  tolerance  critical  areas, 
structural  margins  of  safety,  and  structural  test  results.  The  strength  summary  includes 
any  restrictions  for  service  operations  and  provides  a  basis  for  determining  the  practi¬ 
cality  of  operational  service  different  from  the  design  requirements. 

2.3  Force  Structural  Maintenance  Plan 

Regulations  in  MIL-STD-1530A  under  Task  IV  require  that  the  contractor  "prepare  a 
Force  Structural  Maintenance  Plan  (FSMP)  to  identify  the  inspection  and  modification 
requirements  and  the  ;stimated  economic  life  of  the  airframe." 

The  initial  FSMP  for  the  F-16  airframe  was  based  on  the  results  of  all  analyses  and 
structural  tests  conducted  during  the  F-16  Full  Scale  Development  Program.  The  essential 
elements  of  the  initial  FSMP  are: 

-  Maintenance  Activity  Summary 

-  Detailed  Structural  Inspection  and  Maintenance  Requirements 

-  Analysis  and  Test  History  Summa-y 

-  Potential  Structural  Maintenance  Areas 

-  Adjustment  Procedure  .  based  on  Individual  Airplane  Tracking  Results 

The  FSMP  provides  guidelines  for  conducting  specific  maintenance  actions.  The  plan 
specifies  applicable  aircraft,  inspection  intervals,  repair  guidelines,  and  cost  data  in 
terms  of  man  hours  and  downtime.  The  Air  Force  uses  this  plan  for  budgetary,  force  struc¬ 
ture,  and  maintenance  scheduling  and  planning. 

2.4  Loads/Environment  Spectra  Survey 

During  the  final  analysis  stage  of  Task  IV,  a  design  usage  model,  including  flight 
ana  maneuver  profiles,  was  selected  for  the  aircraft.  Since  the  actual  usage  of  the  air¬ 
craft  may  impose  a  load  and  stress  environment  on  the  aircraft  that  is  different  from  the 
design,  the  FMP  requires  an  early  assessment  of  the  effects  of  operational  usage  at 
critical  locations.  This  element  of  the  FMP  is  obtained  through  the  Loads/Environment 
Spectra  Survey  (L/ESS) . 
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MIL-STD-1530A  defines  the  objective  of  the  L/ESS  is  "to  obtain  time  history  records 
of  those  parameters  necessary  to  define  the  actual  stress  spectra  for  the  critical  areas 
of  the  airframe."  It  is  the  responsibility  of  th»  contractor  to  determine  the  required 
parameters  to  be  obtained,  the  instrumentation  reo  irements,  the  number  of  aircraft  to  be 
instrumented,  and  the  length  of  the  recording  period.  The  contractor  must  design  a  data 
processing  system  for  collection  and  processing  of  these  time  listory  records.  The 
system  must  be  compatible  with  current  Air  Force  capabililities  of  the  Aircraft  Structural 
Integrity  Management  Information  System  (ASIMISJ  since  one  of  the  requirements  of  Task  V 
is  a  transfer  of  FMP  data  processing  procedures  to  ASIMIS. 

7.4.1  L/ESS  Data  Acquisition 

To  support  the  data  acquisition  portion  of  L/ESS  for  the  F-16  FMP,  the  MXU-553/A 
airborne  Flights  Loads  Recorder  <FLR)  system  was  selected  for  use  on  every  sixth  aircraft. 
The  FLR  system  consists  of  a  signal  data  recorder,  a  signal  data  converter  /'multiplexer, 
and  associated  sensors.  The  recorder  and  converter/multiplexer  units  are  located  in  the 
left  side  aft  equipment  bay  of  the  aircraft  to  facilitate  easy  inspection  of  the  units  and 
replacement  of  the  recorded  data  cartridge. 

The  FLR  unit  receives,  processes  and  records  signals  from  control  surface  position 
and  engine  power  lever  angle  transducers,  the  flight  control  computer,  central  air  data 
computer,  c  .ntral  interface  unit  of  the  stores  management  subsystem,  engine  core  (N2) 

RPM  indicator,  fuel  quantity  indicator,  and  an  electrical  strain  gage  located  in  the  aft 
fuselage  of  the  aircraft.  Certain  "documentary  data"  values  such  as  aircraft  serial 
number,  date,  mission  type,  stores  description  codes,  and  weights  are  input  vi..  thumb 
wheels  in  the  front  of  the  recorder  unit  before  each  flight. 

The  recorder  is  automatically  turned  on  when  the  throttle  is  first  advanced  follow¬ 
ing  engine  start  and  runs  continuously  until  the  engine  is  shut  down.  This  continuous 
operation  provides  time  history  records  of  the  recorded  parameters  for  both  ground  and 
flight  Operations.  Table  2.2  lists  the  recorded  parameters,  sampling  rate  and  source 
along  with  additional  parameters  calculated  from  the  FLR  data. 

The  FLR  recording  medium  is  a  replaceable  tape  cartridge  with  a  capacity  of  15  hour3. 
To  insure  that  a  majority  of  in-flight  data  is  recorded,  the  FLR  cartridge  is  replaced 
at  10-hour  intervals  by  field  maintenance  personnel,  then  transmitted  to  ASIMIS  for  pro¬ 
cessing  as  described  in  the  following  section. 

table  2.2 

F-16  LOADS/ENVIROHMENT  SPECTRA  SURVEY  PARAMETERS 


PARAMETER  (SYMBOL/ACRONYM) 

SAMPLING 

RATE/SEC 

SOURCE 

PROGRAM  CALCULATED  PARAMETERS 

PRESSURE  ALTITUDE 

(Hp) 

1 

CAOC 

TIME- IN-FLIGHT 

QL 

CALIBRATION  AIRSPEED 

(vc! 

1 

CADC 

GRoSS  WEIGHT 

QL/LE 

PITCH  RATE 

(a) 

15 

FCC 

MACH  NUMBER 

QL 

YAW  RATE 

(R) 

■  5 

FCC 

DYNAMIC  PRESSURE 

QL 

ROLL  P'»ifc 

(?) 

30 

FCC 

RIGHT  HT  BENDING  MOMENT 

LE 

ROL’  ACCELERATION 

(Pdot) 

30 

FLR  C/M 

VERTICAL  TAIL  BENDING 

LE 

VERT* CAL  ACCELERATION 

(Nz) 

15 

FCC 

LEFT  WING  ROOT  BENOING 

LE 

LATERAi  ACCELERATION 

(Hr) 

15 

FCC 

RIGHT  WING  ROOT  BENOING 

LE 

LONGITUDINAL  ACCELERATION 

(Nx) 

5 

ACCELEROMETER 

LEFT  HT  BINDING  MOMENT 

LE 

FUEL  QUANTITY 

(F«) 

1 

INDICATOR 

PEAK  INDICATOR  CODE 

QL/LE 

ENGINE  ROTOR  SPEED 

(N2) 

1 

INDICATOR 

CENTER  Or  GRAVITY 

LE 

RUDDER  POSITION 

(OR) 

15 

LVDT 

STORES  CONFIGURA* ION 

LE  Doc 

LEFT  HT  POSITION 

(DHL) 

15 

LVOT 

RIGHT  HT  POSITION 

(OHR) 

15 

LVDT 

LEFT  FLAPERON 

(OFL) 

15 

LVDT 

RIGHT  FLAPERON  POSITION 

(OFR) 

15 

LVDT 

POWER  LEVER  ANGLE 

(PLA) 

5 

LVDT 

STRUCTURAL  STRAIN 

15 

STRAIN  CAGE 

EVENTS  SIGNAL 

1 

FLR 

LG  OOVN  CMD 

WEIGHT-ON-WHEELS 

WEAPON  RELEASE 

— 

l 

CADC 

Central  Air  Data  Computer 

FCC 

Flight  Control  Computer 

FLR  C/M 

Flight  Loads  Recorder  Converte.-/MulClp>exur 

LVOT 

Linearity  Variable  Differential  Transducer 

Qt 

Quick  look  Computer  Procedure 

LE 

Loads  Edit  Computer  Procedure 

HT 

Horizontal  Tall 
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2.4.2  L/ESS  Data  Processing 

Four  major  steps  are  used  in  the  processing  of  the  FLR  data  for  the  L/ESS  function 
of  the  F-16  FMP.  One  procedure  is  a  standard  procedure  developed  by  ASIMIS  for  use  on 
all  MXU-553/a  flight  loads  recorder  systems,  while  the  other  three  were  developed  by 
General  Dynamics  for  the  F-16  FMP.  Figure  2.1  illustrates  the  flow  of  data  processing 
from  the  removal  of  the  FLR  data  cartridge  to  the  outputs  required  for  the  L/ESS. 


FIGURE  2.1 

F-16  L/ESS  DATA  PROCESSING 
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RECAP  PROCEDURE 


•  RAW  DATA  EDITING 

•  SY5TEM  FAULT  ISOLATION 

•  DATA  BASE 


F-16  CENTRAL  DATA  SYSTEM 


o 

- 1 

SUPPLEMENTAL  DATA  PROCESSING 


•  MISSION  TYPE  BY  T/N 

•  FLIGHTS  BY  T/N 

•  FLIGHT  TIME  BY  T/N 


MSR  STRESS  RANGE 
EXCEEDANCE  LIBRARY 


After  removal  from  the  operational  aircraft,  the  FLR  data  cartridge  is  sent  to 
ASIMIS  for  processing.  The  cartridge  is  first  run  through  a  reformatter/transcriber  (R/T) 
unit  where  the  recorded  data  is  transcribed  onto  a  magnetic  computer  tape.  The  R/T  tapes 
i  are  further  processed  through  a  computer  procedure  called  RECAP,  which  was  developed  by 

ASIMIS  for  the  evaluation  of  all  MXU-553/A  signal  data  recorder  R/T  data  tapes.  Analysis 
includes  reviewing  the  data  to  identify  recorder,  multiplexer,  or  sensor  malfunctions  and 
'*  to  verify  that  the  data  is  acceptable  for  subsequent  data  processing.  Output  of  RECAP 

,  includes  flight  headers,  summaries,  events,  histograms,  and  fault  isolation  lists. 

j,  The  initial  processing  of  the  R/T  tape  is  accomplished  through  the  Quicklook  (QL) 

procedure.  This  procedure  is  very  similar  to  RECAP  in  that  output  consists  of  flight 
headers,  summaries,  events,  histograms,  and  a  list  of  possible  data  spikes.  In  addition, 
a  table  of  percent-of-time  by  Mach  number,  altitude,  and  gross  weight  is  calculated  for 
each  flight.  On-ground  and  in-flight  time  periods  are  distinguished  and  periods  of 
significant  in-flight  maneuver  activity  are  identified  for  use  in  the  L/ESS  and  subsequent 
data  processing.  The  QL  procedure  also  calculates  four  additional  parameters  from  the 
FLR  d^ata  samples:  time  in  flight,  gross  weight,  Mach  number,  and  dynamic  pressure.  A 
time  history  tape  of  the  FLR  data,  modified  to  exclude  certain  non-maneuvering  time 
periods  and  to  add  the  four  calculated  parameters,  is  then  output  for  further  processing. 

The  QL  procedure  also  produces  a  tape  for  use  in  the  development  of  engine  usage 
spectra.  This  tape,  termed  the  PLA  tape,  contains  the  time  histories  of  four  FLR  para¬ 
meters,  Mach,  Altitude,  Engine  Rotor  Speed  and  Engine  Power  Lever  Angle,  at  one  sample 
per  second  and  a  fifth  parameter,  vertical  acceleration  (Nz)  at  fifteen  samples  per  second. 
The  PLA  tape  is  used  to  evaluate  the  operational  engine  usage  -.n  a  manner  similar  to  the 
structural  analyses. 
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Before  processing  of  the  FLR  data,  the  QL  flight  header  records  are  validated  by 
showing  agreement  with  aircraft  tail  number,  mission  type,  and  stores  configuration 
information  obtained  through  the  F-16  Centralized  Data  System  of  the  USAF  corresponding 
to  the  specific  flight  period  of  the  FLR  data.  Valid  QL  tapes  are  then  processed  through 
the  Loads  .Edit  procedure. 

Procedure  Loads  Edit  performs  final  reduction  of  flight-by-flight  FLR  data  and 
accumulates  tables  of  control  surface  position  change  occurrences,  exceedances  of 
vertical  acceleration  (Nz) ,  lateral  acceleration  (Ny) ,  roll  rate  (P) ,  and  roll  accelera¬ 
tion  (Pdot) ,  and  landing  gear  events.  These  tables,  along  with  the  percer.t-of-time 
tables  read  in  from  the  QL  output  tape  are  referred  to  as  summary  tables.  Procedure 
Loads  Edit  maintains  a  data  base  containing  cumulative  summary  tables  to  date  for  each 
operational  USAF  base  from  which  data  is  regularly  received. 

Loads  Edit  uses  equations  derived  through  regression  analysis  of  structural  loads 
flight  test  data  to  compute  values  of  left  and  right  horizontal  tail  ana  vertical  tail 
bending  moment  throughout  each  maneuver.  The  FLR  data  samples  are’  reduced  using  a  peak- 
valley  data  compression  routine  based  on  the  activity  of  these  three  load  parameters, 
the  response  parameters  P  and  Pdot,  and  the  vertical  acceleration  Nz.  The  reduced  FLR 
data  is  output  onto  a  magnetic  tape,  called  the  compressed  time  history  (CTH)  tape,  along 
with  the  summary  tables  for  each  flight.  The  cumulative  summary  tables  are  output  onto 
a  separate  magnetic  tape. 

Procedure  DOCUMNT  processes  the  CTH  and  cumulative  summary  table  tapes  output  by 
Loads  Edit  to  produce  exceedance  tables  of  Nz  separated  by  aircraft  tail  number,  mission 
type,  and  gross  weight  range.  These  tables  are  subsequently  published  in  the  periodic 
L/ESS  reports  as  required  for  the  FMP.  DOCUMNT  computes  stress  exceedances  based  on  FLR 
data  for  comparison  with  Mechanical  Strain  Recorder  stress  exceedance  data  compiled  by 
the  Individual  Airplane  Tracking  analysis  procedure  further  discussed  in  Section  2.5.  In 
addition,  DOCUMNT  accumulates  percent-of-time  tables  for  all  mission  types  for  which  data 
has  been  received  to  date. 

Procedure  DOCUMNT  is  the  final  step  of  the  L/ESS  data  analysis.  The  CTH  tapes  pro¬ 
duced  during  the  L/ESS  are  accumulated  and  later  uo6d  for  development  of  operational  loads 
spectra. 

2.^.3  Baseline  Operational  Loads  Spectrum 

Upon  completion  of  the  collection  and  processing  of  three  years  of  FLR  data,  the 
contractor  is  required  to  develop  a  Baseline  Operational  Loads  Spectrum  for  updating 
durability  and  damage  tolerance  analyses  and  subsequent  structural  maintenance  planning 
actions.  This  loads  spectrum  incorporates  the  variation  in  the  usage  of  the  aircraft 
encountered  during  the  three  year  period  of  the  L/ESS.  The  current  status  of  the  F-16 
FMP  includes  analyses  of  the  Baseline  Operational  Loads  Spectrum.  A  description  of  the 
development  and  processing  of  the  FLR  data  to  accomplish  this  task  is  given  in  Section  3. 

2.5  Individual  Airplane  Tracking  Proqram 

It  is  stated  in  MIL-STD-1530A  that  the  objective  of  the  Individual  Aircraft  Tracking 
(IAT)  program  shall  be  "to  predict  the  potential  flaw  growth  in  critical  areas  of  each 
airframe  that  is  keyed  to  damage  growth  limits  of  MIL-A-83444,  inspection  times,  and 
economic  repair  times."  To  accomplish  this  portion  of  the  FMP,  appropriate  us-.ge  para¬ 
meters,  data  collection  methods,  and  data  analysis  programs  are  developed  by  the  contractor 
for  later  transfer  (during  implementation  of  Task  V)  to  ASIMIS.  The  following  sections 
discuss  the  particular  equipment  and  methods  employed  by  General  Dynamics  to  accomplish 
this  task  for  the  F-16  FMP.  Figure  2.2  illustrates  the  data  collection  and  processing 
procedures . 

2.5.1  IAT  Data  Acquisition 

To  monitor  and  record  the  required  tracking  data  for  each  F-16  aircraft.  General 
Dynamics  chose  to  install  the  A/A  32A-37  Mechanical  Strain  Recorder  (MSR) .  The  MSR 
system  is  self-contained,  requiring  no  electrical  power,  and  consists  of  the  recorder 
assembly,  a  data  cassette,  and  a  protective  cover.  The  MSR  is  installed  in  each  aircraft 
on  the  lower  right-hand  flange  of  a  center  fuselage  wing  carry- through  bulkhead.  The 
system  is  easily  accessible  through  the  main  landing  gear  wheel  well.  The  strain  at 
this  location  is  predominately  sensitive  to  wing  root  bending  moment,  and  is  used  for 
defining  the  individual  aircraft's  maneuver  activity  time  history. 

The  MSR  has  two  diamond  styluses  which  inscribe  traces  ontc  the  metallic  recording 
tape  of  the  data  cassette.  One  trace  is  used  as  a  reference  line  while  the  other  trace 
defines  the  strain  levels  caused  by  aircraft  maneuvers. 
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The  MSR  cassette’s  recording  capacity  is  a  function  of  the  strain  activity  of  the 
i  fuselage  bulkhead  since  the  tape  is  advanced  proportionally  to  the  severity  of  the  strain 

cycle  occurring  during  maneuvers.  The  capacity  is  between  70  and  lno  flight  hours  for 
the  operational  aircraft.  To  allow  for  variations  in  maneuver  activity,  tha  replacement 
interval  is  set  at  50  hours.  At  the  50  hour  interval  the  cassette  is  replaced  and 
'  transmitted  to  ASIMIS  for  transcription  to  a  digital  computer  data  tape  for  subsequent 

processing  in  the  IAT  program. 

\ 

FIGUFE  2.2 

J  F- 16  IAT  OATA  PROCESSING 


OPERATIONAL  BASE 


0 


2.5.2  IAT  Data  Analysis 

The  F-16  IAT  data  analysis  methods  utilize  the  concept  of  usage  variations  encom¬ 
passing  the  range  of  aircraft  usage  from  the  least  severe  to  the  most  severe.  The 
individual  aircraft  unique  usage  is  compared  with  these  usage  variations  to  predict 
crack  growth  rates  at  selected  tracking  points  of  the  airframe  structure.  The  required 
usage  variation  crack  growth  curves  are  derived  from  durability  and  damage  tolerance 
analyses  of  loads  spectra  developed  during  a  study  conducted  specifically  for  this  purpose. 
An  update  of  these  crack  growth  curves,  based  on  operational  usage  collected  during  the 
L/ESS  and  field  inspections,  is  required  for  each  of  the  selected  tracking  points,  listed 
in  Table  2.3. 

The  initial  data  processing  procedure  for  the  MSR  data  tape  converts  the  sequential 
raw  strain  data  to  valley-to-peak  stress  histories  at  the  MSR  location.  These  stress 
histories  are  then  processed,  as  outlined  in  the  following  steps,  to  define  the  individual 
aircraft's  unique  usage  during  the  specified  time  period. 

1.  From  the  stress  histories  recorded  by  the  MSR  for  a  specific  aircraft,  identified 
by  tail  number  (T/N) ,  a  stress  cyclic-range  squared  (AoJHSR)  exceedance  distribu¬ 
tion  per  1000  hours  is  developed. 

2.  Slope  and  intercept  (m  and  b)  values  are  derived  for  the  exceedance  distribution 
using  an  exponential  (exp)  curve  fit  routine  to  arrive  at  an  equation  of  the 
form: 

N(i°WT/H=  eXP  (m  T/l/^MSR  +  bT/N> 
where  N  =  Number  of  exceedances 

3.  The  m  and  b  values  are  stored  on  a  magnetic  tape  with  corresponding  aircraft  tail 
number  and  reporting  period  for  use  in  the  IAT  analysis  procedure. 


A/A  32A-37 

mechanical  strain  recorder 


•  MSR  CASSETTES  REMOVED 
AT  SO  HOUR  PHASED  INSPECTIONS 


OATA  TRANSCRIBER  UNIT 


♦  CASSETTES  TO  FlElO  OATA  TAPE 


o 


MSR  OATA  PROCESSING  PROCEDURE 


♦  MSR  CAPTURE  RATES 

♦  STRESS  EXCEEDANCE  OATA 

♦  MSR  STRESS  RANGE  EXCEEDANCE 
FREQUENCY  DISTRIBUTION 


o 


F-16  CENTRAL  OATA  SYSTEM 


SUPPLEMENTAL  OATA  PROCESSING 


•MISSION  TYPE  BY  T/N 
•flights  by  t/n 
•  flight  time  by  t/n 

•MSR  HOURS  BY  T/N 


o 


INDIVIDUAL  AIRPLANE  TRACKING 
PROCEDURE 


•  CONTROL  POINT  CRACK  GROWTH 
AND  MAINTENANCE  ACTIONS 
PREDICTIONS 

•  IAT  REPORT 
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Before  processing  of  the  MSR  derived  exceedance  data  for  a  specified  reporting  period, 
supplementary  data  of  aircraft  usage  at  each  base,  as  collected  by  the  F-16  Centralized 
Data  System  (CDS),  must  be  reviewed  and  processed.  This  usage  data,  collected  on  a  daily 
basis  and  transmitted  monthly  to  General  Dynamics,  consist  of: 

-  base  of  operation 

-  airplane  tail  number 

-  date  of  flight 

-  number  of  flight  hours 

-  mission  type  for  the  flight 

The  CDS  data  provides  information  to  the  IAT  analysis  procedure  to  account  for  total 
number  of  flights,  total  flight  hours  and  total  flight  hours  by  mission  type  accumulated 
for  each  aircraft.  This  data  may  also  be  used  to  account  for  inadequate  or  missing  MSR 
data  for  each  aircraft  during  the  specified  reporting  period.  This  supplementary  data  is 
further  used  to  complete  the  usage  summary  tables  of  the  IAT  periodic  reports  required 
for  the  F-16  FMP. 

The  IAT  analysis  procedure  uses  the  MSR  stress  exceedance  data,  the  usage  data  pro¬ 
vided  by  CDS,  and  a  flaw  growth  library  derived  from  the  five  variations  of  the  initial 
F-16  Design  Loads  Spectrum  to  create  cumulative  flaw  growth  curves  for  each  IAT  control 
point  on  each  individual  aircraft.  The  flaw  growth  library  contains  predicted  crack 
growth  curves  for  each  of  the  IAT  control  points  and  normalized  equations  for  each 

of  the  five  usage  variations.  The  methods  used  to  calculate  and  normalize  the  Aor J,SR 
exceedance  distribution  equations  for  the  five  usage  variations  are  shown  in  Figure  2.3. 
Figure  2.4  outlines  the  steps  utilized  in  the  IAT  analysis  procedure  to  predict  crack 
growth  at  each  control  point  for  each  aircraft  during  a  specified  reporting  period. 

The  IAT  analysis  procedure  outputs  a  magnetic  tape  containing  the  accumulated  flaw 
growth  values  for  the  individual  aircraft  and  a  printout  of  the  flaw  growth,  the  mainten¬ 
ance  action  times,  and  the  aircraft  usage  summaries  which  go  into  periodic  IAT  reports. 

The  IAT  rep_.ts,  published  at  six  month  intervals,  provide  the  data  necessary  to  modify 
the  inspection  and  repair  schedules  for  the  critical  areas  of  the  airframe  structure  on 
each  individual  aircraft. 


TABLE  2.3 

F-|6  INDIVIDUAL  AIRPLANE  TRACKING  CONTROL  POINTS 


MING  STRUCTURE 

UPPER  WING  SKIN  CUTOUT  AT  8L  61.5 

WING  ROOT  LOWER  ATTACH  FITTING 

LOWER  WING  SKIN  PYLON  CUTOUT  AT  BL  71 

LOWER  WING  SKIN  FUEL  VENT  AT  0L  102 

FRONT  SPAR  LOWER  FLANGE  AT  LEF  HINGE  #2 

LOWER  WING  SKIN  FASTENER  HOLES  AT  BL  120 

LOWER  WING  SKIN  SURFACE  AT  BL  112,  HIGH  YIELD  MATERIAL 

FORWARD  FUSELAGE  STRUCTURE 

COCKPIT  SILL  LONGERON 

CENTER  FUSELAGE  STRUCTURE 

WING  SUPPORT  BULKHEAD  SHEAR  WEB 

BULKHEAD  AT  FS  361.8,  REFUELING  WELL  STIFFENER  FASTENER  HOLES 
UPPER  BULKHEAD  WEB  FILLET  RADIUS  AT  WING  ATTACH 

AFT  FUSELAGE  STRUCTURE 

BULKHEAD  AT  FS  673.8,  UPPER  FLANGE  BOLT  HOLE  AT  BL  23 

VERTICAL  TAIL  STRUCTURE 

VERTICAL  TAIL  ATTACH  FITTING  WEB-PAO  RADIUS 


Nt£i 
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FIGURE  2.3 

USAGE  VARIATION  CRACK  GROWTH  PREDICTIONS  FOR  IAT  PROGRAM 


GIVEN  STRESS  TINE  HISTORIES  AT  THE  MSR 
LOCATION  BASED  ON  DESIGN  LOADS  SPECTRA, 
DERIVE  to*HSR  EXCEEDANCE  DISTRIBUTIONS 
FOR  EACH  OF  THE  5  USAGE  VARIATIONS. 


STEP  2:  COMPUTE  AN  EXPONENTIAL  CURVE  FIT  OF  EACH 
OF  THE  A<7*h$R  EXCEEDANCE  DISTRIBUTIONS  BY 
LINEAR  REGRESSION  TO  DERIVE  AN  EQUATION, 
WHERE  I  -  I ,  II,  III,  IV,  V  ,  IN  THE  FORM; 
N(Ao*mSR)|  ■  exp(rajAalMSR  +  &l) 


V  IV  i»i 


STEP  3:  NORMALIZE  Ao*MSR  EXCEEDANCE  DISTRIBUTIONS 
TO  THE  LARGEST  “fa"  VALUE  FOUND  IN  STEP  2 
BY  MULTIPLYING  N(Ao*mSr) |  BY  exp(b||-D|) 
(ASSUMING  bit  IS  LARGEST) 


DETERMINE  NORMALIZED  TIME  CRACK  GROWTH 
CURVES  FOR  EACH  TRACKING  CONTROL  POINT 
FOR  EACH  USAGE  VARIATION  BY  MULTIPLYING 
CRACK  GROWTH  TlHE  BY  exp(b|  *  b|i). 


I  II  III  IV  V 


tM  -  NORMALIZED  TIME 


INDIVIDUAL  AIRPLANE 


STEP  l!  GIVEN  A  NORMALIZED  (Ao2MSR)t/N  EQUATION 
FOR  AN  AIRCRAFT  FOR  A  REPORTING  PERIOD, 
DETERMINE  AN  INTERPOLATION  CONSTANT  BY; 


FIGURE  2.l» 

TRACKING  PROGRAM  DATA  ANALYSIS 


STEP  2:  DETERMINE  THE  NORMALIZED  TIME  CRACK  GROWTH 
CURVE  FOR  FACH  CONTROL  FOINT  FOR  THE  AIR¬ 
CRAFT  BY  VARYING  CRACK  LENGTH  (t): 

AT  A  GIVEN  t  (*A) 

lNT/i,  "  lNU  +  ,C(tN|||  "  V 


I  II  III  IV 

I  ill  / 


NH  NT/N  NU| 


DETERMINE  INCREMENTAL  CRACK  LENGTH  (*f) 
FOR  EACH  CONTROL  POINT  FOR  THE  AIRCRAFT 
FOR  THE  REPORTING  PERIOD  GIVEN  AN  INITIAL 
CRACK  LENGTH  (£|)  AND  THE  CRACK  GROWTH 
CURVE  OEFINED  IN  STEP  2 


/  TIME  BETWEEN 
]  ^—REPORTING 
/  PERIODS 


STEP  DETERMINE  ACCUMULATED  CRACK  LENGTH  AND 

MAINTENANCE  ACTION  FORECAST  FOR  EACH  CONTROL 
POINT  FOR  THr  AIRCRAFT  FROM  ALL  REPORTING 
PERIODS. 


-Maintenance  action - * 


*f[-CURAENT  PREDICTION- 


/[forecasted  CRACK 
|  GROWTH  CURVE 


t PREDICTED  TlHE  BEFORE 
{MAINTENANCE  ACTION 


\  cNma 

tN  -  NORMALIZED  TIME 
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3.  CURRENT  FORCE  MANAGEMENT  STATUS 

The  requirements  in  the  ASIP  for  Task  V  specify  that  the  Air  Force  will  be  pn.  irily 
responsible  for  utilizing  the  Force  Management  Data  Package  supplied  by  the  contractor 
during  Task  IV  with  a  minimum  of  assistance.  To  meet  this  requirement,  an  overall  trans¬ 
fer  plan  was  established  corresponding  to  specific  guidelines.  The  current  status  of 
this  transfer  effort  in  the  areas  of  L/ESS  and  IAT  are  discussed  in  the  appropriate  sec¬ 
tions  following. 

Specifications  within  the  Final  Analysis  and  IAT  elements  of  the  F-16  FMP  require 
that  a  Baseline  Operational  Loads  Spectrum,  along  with  variations  of  the  spectrum,  be 
developed  to  provide  updates  to  durability  and  damage  tolerance  analyses  and  subsequently 
to  the  Force  Structural  Maintenance  Plan.  Development  of  these  load  spectra  are  now 
complete  or  nearing  completion.  Section  3.3  discusses  the  methods  utilized  to  accomplish 
this  task. 

3.1  Loads/Environment  Spectra  Survey 

The  L/ESS  for  the  F-16  aircraft  is  currently  providing  the  specified  time  history 
records  and  usage  information  to  General  Dynamics  and  the  Air  Force  in  a  timely  and 
organized  manner.  The  L/ESS  have  proven  that  operational  data  may  be  collected,  processed 
and  utilized  to  provide  a  data  base  for  use  in  defining  structural  maintenance  actions. 

The  three  year  operation  of  the  F-16  L/ESS  by  General  Dynamics  has  produced  seven 
periodic  reports  documenting  the  collection  of  the  FLR  data  and  the  required  usage 
information.  The  L/ESS  data  processing  procedure  Quicklook,  described  in  Section  2.4.2- 
is  currently  operational  at  ASIMIS.  The  Loads  Edit  procedure  is  scheduled  to  be  trans¬ 
ferred  to  ASIMIS  during  3  984. 

As  of  January  1,  1984  a  total  of  approximately  2100  flights  containing  2500  hours 
of  FLR  data  have  been  accumulated  for  use  in  the  development  of  operational  loads  spectr.i 
These  loads  spectra  include  the  Baseline  Operational  Loads  Spectrum,  required  for  update 
of  the  Design  Loads  Spectrum  developed  in  the  Final  Analysis  element,  and  the  usage 
variation  loads  spectra  required  for  the  update  of  the  crack  growth  models  used  in  the 
IAT.  In  addition,  the  FLR  data  is  proving  valuable  in  the  development  of  loads  spectra 
for  variations  of  the  F-16  airframe. 

3.2  Individual  Airplane  Tracking  Program 

The  F-16  IAT  program  provides  predictions  for  flaw  growth  and  structural  maintenance 
actions  at  selected  control  points  for  each  aircraft  in  the  USAF.  The  accumulated  flaw 
growth  predictions,  based  on  individual  aircraft  MSR  defined  stress  histories  or  the 
individual  aircraft  usage  data  provided  by  CDS  for  periods  of  incomplete  or  missing  MSR 
data,  call  for  initial  maintenance  actions  to  occur  in  the  1990  time  frame  on  the  average. 

The  F-16  IAT  data  processing  procedures  were  operated  by  General  Dynamics  through 
1982,  producing  six  periodic  reports.  In  1983  the  procedures  were  transferred  to  ASIMIS 
for  Air  Force  operation. 

3.3  Baseline  Operational  Loads  Spectrum 

The  development  of  operational  loads  spectra  from  the  FLR  data  base  begins  with  the 
selection  of  appropriate  FLR  flights  to  recreate  the  operational  usage  encountered  by  the 
aircraft  in  the  field.  The  accumulated  operational  usage  mission  mix  at  three  primary 
USAF  F-16  bases  and  the  flight  time  weighted  composite  mission  mix  computed  for  the 
baseline  operational  loads  spectrum  are  shown  in  Table  3.1.  The  F-16  design  usage 
mission  mix  is  also  given  in  Table  3.1  for  comparison. 


TABLE  3.1 

F-16  L/ESS  USAGE  HISS10N  HIX 


MISSION 

USAF  BASE 

COMPOSITE 

DESIGN 

CATEGORY 

1 

2 

3 

USAGE 

USAGE 

AIR-TO-AIR 

35. 34 

35.64 

26.34 

32.84 

55.54 

AIR-TO-GROUND 

39-94 

30.24 

60.24 

42.44 

20.02 

GENERAL 

24.84 

34.24 

13.54 

24.84 

24.54 

The  selection  of  the  FLR  flights  for  the  operational  loads  spectrum  must  also 
satisfy  the  requirement  that  the  maneuver  activity  of  the  spectrum  meet  the  composite 
vertical  aqceleration  (Nz)  exceedance  distribution  of  the  L/ESS.  Figure  3.1  illustrates 
the  comparison  of  the  Nz  exceedance  distribution  provided  by  L/ESS  Report  No.  6  for 
development  of  the  F-16  Baseline  Operational  Loads  Spectrum  with  that  of  the  F-16  Design 
Loads  Spectrum. 


FIGURE  3.1 

F-16  PEAK  LOAD  FACTOR  EXCEEDANCE  DISTRIBUTION  PER  1000  HOURS 


F-16  A/8  BASELINE  OPERATIONAL  LOADS  SPECTRUM 
F-16  A/B  16-8L0CK  DESIGN  LOADS  SPECTRUM 


( 

f 
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The  concept  of  a  repeatable  block  of  flight-by-flight  loads  histories  is  utilized  in 
the  development  of  the  operational  loads  spectrum.  A  500  hour  block  of  FLR  data  is 
selected  representing  the  baseline  usage  and  repeated  to  build  the  8000  hour  service  life 
loads  spectrum.  This  method  is  beneficial  in  that  it  reduces  some  analysis  expense  and 
it  enhances  fractography  results  from  laboratory  test  specimens. 

After  selection  of  the  FLR  flights  for  use  in  the  operational  loads  spectra,  the 
edited  FLR  data  for  each  flight  are  processed  to  compute  load  time  histories  at  selected 
control  points.  The  methods  employed  in  the  prediction  of  loads  from  the  FLR  data  have 
been  updated  from  the  methods  developed  in  early  FMP  analyses.  Current  FMP  load  equa¬ 
tions  are  derived  from  various  sources,  including: 

-  F-16  FSD  and  follow-on  structural  flight  test  data 

-  analytical  design  loads 

-  updated  wind  tunnel  data 

The  development  of  load  equations  from  the  structural  flight  test  data  utilize 
linear  regression  analysis  techniques  to  arrive  at  equations  of  the  form: 

Load  =  +  C,  *  (p,)  +  C  *  (P,)  +  ...  +  C  *  (P  ) 

0  1  1  2  X  n  n 

where  C|  -  are  the  regression  coefficients 

and  P|  -  P  are  appropriately  selected  FLR  parameters 

Development  of  loads  predictions  from  analytical  design  loads  and  wind  tunnel  aero¬ 
dynamic  load  coefficient  data  normally  is  accomplished  using  interpolation  methods  on  a 
finite  grid  of  predicted  loads.  Due  to  higher  cost,  in  terms  of  computer  processing 
time,  this  method  is  only  used  when  the  required  load  items  are  not  available  from  the 
flight  test  data  or  the  loads  equations  derived  from  regression  analysis  prove 
inadequate.  In  certain  cases,  the  analytical  cr  wind  tunnel  derived  loads  predictions 
grid  is  sufficient  to  process  through  i°gression  analysis  to  provide  loads  equations 
with  a  very  high  degree  of  correlation,  thus,  reducing  computer  processing  costs. 
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Upon  completion  of  the  processing  of  all  selected  FLR  flights  in  the  500  hour  block, 
documentation,  consisting  of  maximum/minimum  loads,  total  flight  time,  percent-of-tima 
by  Mach  number  and  altitude,  mission  type  summaries  for  usage  definition,  and  exceedance 
distributions  of  significant  maneuver  response  and  load  parameters  are  output.  The 
computed  loads  time  histories  provide  the  basi3  for  the  durability  and  damage  tolerance 
analyses  at  the  selected  structural  control  points. 

At  this  time,  the  F-16  A/B  Baseline  Operational  Loads  Spectrum  is  being  evaluated  by 
durability  and  damage  tolerance  analyses  procedures.  Laboratory  testing  of  items  in  the 
structural  evaluation  program  update  is  progressing.  The  usage  variation  spectra,  to 
support  the  IAT  program,  are  currently  being  developed  for  completion  in  1984. 

3.4  F-16  C/D  Loads  Spectra 

The  FLR  data,  accumulated  through  the  L/ESS  of  the  F-16  A/B  operational  aircraft, 
was  first  utilized  in  the  development  of  a  F-16  C/D  Advance  Loads  Spectrum.  The  develop¬ 
ment  of  this  loads  spectrum  proved  that  the  FLR  data  could  be  used  for  spectra  develop¬ 
ment  for  F-16  model  variations.  However,  there  were  problems  to  overcome  when  predicting 
loads  on  a  variation  with  certain  system  configuration  changes.  It  was  found  that 
operational  differences  from  the  baseline  F-16  A/B  systems,  such  as  the  leading  edge 
variable  camber  system,  produce  model  peculiar  loads  on  the  airframe.  To  alleviate  these 
problems,  methods  were  developed  incorporating  stability  and  control  and  structural  flight 
test  data  and  additional  analytical  loads  predictions , 

The  methods  for  processing  FLR  data  for  development  of  operational  loads  spectra, 
described  in  Section  3,3,  and  the  methods  mentioned  above  are  currently  being  utilized 
to  develop  an  initial  baseline  loads  spectrum  and  usage  variation  spectra  for  the  F-16 
C/D  aircraft.  Updates  to  these  spectra  will  be  provided  in  the  future  using  the  expanded 
capabilities  of  the  F-16  C/D  Force  Management  Progr  un  described  in  the  following  section. 


4.  FUTURE  FORCE  MANAGEMENT  PLANS 

Development  and  integration  plans  are  now  being  made  at  the  USAF  F-16  SPO  and 
General  Dynamics  for  addition  of  a  Crash  Survivable  Flight  Data  Recorder  (CSFDR)  System 
to  be  incorporated  into  the  advanced  avionics  system  of  each  F-16  C/D  aircraft.  The 
specification  for  this  new  system  contains  Tri-Service  (Air  Force,  Army,  and  Navy) 
reguirements  for  a  common  flight  data  recorder.  The  F-16  C/D  CSFDR  system  consists  of 
three  hardware  units: 

-  Signal  Acquisition  Unit  (SAU) 

-  Crash  Survivable  Memory  Unit  (CSMU) 

-  Auxiliary  Memory  Unit  (AMU) 

The  SAU,  to  be  located  in  the  aft  left  equipment  bay,  will  receive  signals  from  the 
aircraft  multiplex  bus  and  from  other  data  sources.  Then,  through  the  use  of  a  micro¬ 
computer,  the  SAU  will  process,  convert  and  compress  the  analog  signals  to  digital  output 
on  a  realtime  basis.  This  output  will  be  saved  within  the  SAU,  stored  in  the  CSMU,  or 
stored  in  the  AMU  which  will  be  mounted  within  the  SAU.  The  SAU  and  AMU  are  not  required 
to  survive  severe  crashes.  The  CSMU  will  be  located  in  the  aft  fuselage  area  of  the 
aircraft  for  improved  survivability. 

Four  types  of  data  will  be  processed  by  the  SAU: 

1.  Mishap  Investigation  data 

2.  Individual  Airplane  Tracking  data 

3.  Structural  Loads  Environment  data 

4.  Engine  Usage  data 

Although  the  actual  on-board  data  processing  algorithms  and  d >ta  storage  medium  for 
each  data  type  may  differ,  there  is  a  commonality  of  input  parameters  to  be  processed  by 
the  SAU.  Table  4.1  gives  the  input/output  parameters  of  the  SAU.  Also  included  are  the 

sampling  rate,  data  type  use,  and  notes  as  to  where  the  parameter  signal  will  be  obtained. 

As  can  fc?.  seen,  most  signals  will  be  readily  available  from  the  Flight  Control  Computer, 
or  the  aircraft  systems  multiplex  bus.  With  the  exception  of  the  control  surface  posi¬ 
tion  transducers,  all  CSFDR  sensors  will  be  included  in  the  basic  F-16  C/D  system. 
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The  CSMU  wil'  receive  data  from  the  SAU  and  will  maintain  a  minimum  of  15  minutes 
of  aircraft  flight  data  in  a  nonvolatile  memory  medium.  The  CSMU  will  have  very 
stringent  operational  and  survivability  requirements. 

The  four  types  of  data  to  be  processed  and  stored  by  the  CSFDR  system  are  addressed 
in  the  following  sections.  The  on-board  processing  methods,  memory  capabilities,  and 
anticipated  post-flight  processing  and  utilization  methods  for  each  data  type  are  dis¬ 
cussed. 

TABLE  6.1 

F-16  CRASH  SURVIVABLE  FLIGHT  DATA  RECORDER  STSTEH  INPl/T/OUTPUT  PARAHETERS 


PARAMETER 

SAMPLING 

DATA 

SOURCE 

parameter 

SAMPLING 

DATA 

(SYMBOL/ACRONYM) 

RATE/SEC 

TYPE  USE 

RATE/SEC 

TYPES 

.  FLIGHT  CONDITIONS 

. DISCRETE  SIGNALS 

CORRECTED  ALTITUDE  (HP) 

1 

12  3  4 

MUX 

ELEC  ENG  CONTROL 

1 

1 

CAL  AIRSPEED  (VC) 

1 

1  3 

MUX 

JFS  “START  2“ 

1 

i 

TRUE  FREESTREAH  AIR  TEMP 

1 

l  3  A 

MUX 

AIR  LIGHT  (EPU) 

1 

ANGLE  OF  ATTACK 

3 

1  3 

MUX 

GEN  -  MAIN  FAIL 

1 

1 

RADAR  ALTITUDE 

1 

1 

MUX 

GEN  -  STBY  FAIL 

1 

1 

RADAR  ALT  LOW  SET 

» 

1 

MUX 

FLCS  PWR  TEST  SWITCH 

1 

1 

TRUE  HEADING 

4 

1 

MUX 

FWD  FUEL  RES  LOW 

1 

1 

HSI  COURSE  DEV 

1 

1 

MUX 

AFT  FUEL  RES  LOW 

1 

1 

PITCH  ATTITUDE 

4 

1 

MUX 

HYO  PRESS  “A"  LOW 

1 

1 

ROLL  ATTITUDE 

4 

1 

HUX 

HYD  PRESS  “9“  LOW 

1 

1 

GROSS  WEIGHT  (GW  or  W)  1 

2  3 

MUX 

FSC  CAUTION  “RESET" 

1 

1 

HACH  NUMBER  (h) 

3  A 

SAU  Calc 

AUTO  PIL0T-R0LL/HDG 

1 

1 

AUTO  PI  LOT- ROLL /ATT 

1 

1 

AUTO  PILOT-PITCH/HDb 

1 

1 

PITCH  RATE  (Q) 

16 

2  3 

FCC  Analog 

AUTO  PI  LOT- PITCH/ATT 

1 

1 

PITCH  ACCEL  (Qdol) 

16 

3 

SAU  Calculation 

FWD  PADDLE  DEPRESS 

1 

1 

ROLL  RATE  (P) 

16 

2  3 

FCC  Analog 

AFT  PADDLE  DEPRESS 

1 

1 

ROLL  ACCEL  (Pdot) 

16 

3 

SAU  Calculation 

CONTROL  STICK  POS 

1 

1 

YAW  RATE  (R) 

16 

2  3 

FCC  Analog 

CAT  I/I  II  POS 

1 

1  2  3 

YAW  ACCEL  (Rdot) 

16 

3 

SAU  Calculation 

DUAL  FC  FAILURE 

1 

1 

LONG  ACCEL  (Nx) 

4 

1  3  ’ 

FCC  Analog 

AUTO  TF  SELECT 

1  3 

VERT  ACCEL  (Hz) 

16 

1  2  3  A 

FCC  Analog 

MANUAL  TF  SELECT 

1  3 

LAT  ACCEL  (Ny) 

8 

1  3 

FCC  Analog 

TF  FAILURE  LT 

1 

OBS  WARN  LT 

1 

AUTO  TF  FAILURE  LT 

1 

1 

RUDDER  POSITION  (OR) 

8 

1  3 

LVDT 

VALID  WEAPON  RELEASE 

1 

1  2  3 

LEFT  HT  POS  (DHL) 

16 

1  3 

LVDT 

SIMULATED  WEAPON  REL 

1 

1 

RIGHT  HT  POS  (OHR) 

16 

1  3 

LVDT 

HLG  WEIGHT-UN-WHEELS 

1 

1  2  3 

LEFT  FLAPERON  POS  (OFL) 

16 

l  3 

LVDT 

LG  DOWN  COMMAND 

2 

1  2  } 

RIGHT  FLAPERON  POS  (OFR) 

16 

l  3 

LVDT 

COMM  XMIT  (UHF/VHF) 

1 

1 

LEF  POSITION  (OLEF) 

4 

1 

LEF  Feedback 

OVERHEAT 

1 

1 

.  PILOT  INPUTS 

STICK  FORCE  -  LONG 

4 

1 

FCC 

MUX  -  Multiplex  Bus 

STICK  FORCE  -  LATERAL 

A 

1 

FCC 

SAU  -  Signal  Acquisition  Unit 

FCC  -  Flight  Control  Conputer 

LVDT-  LI  near  My  Variable 

Differential 

POWER  LEVER  ANCLE  (PLA) 

2 

1  4 

Hard  wired 

Transducer 

CORE  RPM  (N2) 

2 

1  4 

lr>d  icator 

HT  ■  Horizontal  Tall 

FAN  RPM  (Nl) 

2 

1  A 

Nl  Signal 

LEF  -  Leading  Edge  Flap 

FAN  TURBINE  INLET  TEMP 

2 

1  4 

Indicator 

FLC  -  Fuel  Level  Control 

NOZZLE  POSITION 

1 

1 

Sync  Indicator 

TOTAL  FUEL  QUANTITY  (FQ) 

1 

1  2  3 

MUX 

FWD  FUEL  QUANTITY  (FFQ) 

1/5 

1 

FLC 

AFT  FUEL  QUANTITY  (AFQ) 

1/5 

FLC 

FUEL  FLOW  (FF) 

I 

1 

FF  Meter 

4.1  Mishap  Investigation  Data  (Type  1) 

The  retention  of  Type  1  data  in  the  CSMU  will  increase  the  capabilities  of  mishap 
investigation  for  the  F-16  C/D  aircraft.  The  evaluation  of  thesT  data  will  provide 
information  as  to  the  cause  of  the  mishap,  including  the  flight  and  aircraft  systems 
conditions. 

The  SAU  will  continuously  process  Type  1  data  during  flight  and  record  data  in  the 
CSMU  using  algorithms  for  storing  various  types  of  data  consisting  of:  • 

-  Special  Events  j  i 

-  Baseline  Data  j  , 

i  > 

I  : 


Continuous  Update  Data 
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The  special  event  data  will  consist  of  signals  recorded  15  seconds  before  and  after 
the  indicated  event.  Up  to  five  special  events  may  be  recorded  in  any  flight.  Sixteen 
different  criteria  will  be  programmed  into  the  SAU  to  trigger  the  special  event  algorithm 
such  as: 


-  pilot  command 

-  signals  exceeding  limits 

-  discrete  signal  indicating  a  malfunction 

The  baseline  data,  consisting  of  recorded  signals  15  seconds  before  and  after  lift¬ 
off,  and  the  special  events  data  will  be  stored  with  overwrite  protection  in  the  memory 
of  the  CSMU. 

The  continuous  update  data  will  be  stored  in  the  CSMU  using  a  logic-state-change 
criteria  for  discrete  signals  and  a  floating  aperture  data  compression  technique  for  the 
digital/analog  parameter  signals..  The  CSMU  will  contain  sufficient  memc.y  capacity  to 
record  a  minimum  of  15  minutes  of  flight  data  before  the  oldest  data  samples  are  over¬ 
written.  The  Type  1  data  will  be  extracted  from  the  CSMU  via  the  SAU  as  required  to 
support  mishap  investigation  by  qualified  base  personnel  using  a  Memory  Loader /Verifier 
(MLV)  unit  or  directly  from  the  CSMU. 

4.2  Individual  Airplane  Tracking  Data  (Type  2) 

Type  2  data,  for  the  F-16  C/D  Individual  Airplane  Tracking  (IAT)  program,  will  be 
processed  and  accumulated  by  the  SAU.  The  accumulation  of  these  data  will  require  a 
minimum  of  memory  within  the  SAU  since  the  data  will  be  saved  in  the  form  of  exceedance 
and/or  occurrence  tables  rather  than  a  time  history  required  for  the  other  data  types. 

The  inflight  processing  of  the  Type  2  data  will  include  the  accumulation  of  exceed¬ 
ance/occurrence  tables  of  vertical  acceleration  (Nz)  and  valley-to-peak  delta  NzW  at  the 
aircraft  center  of  gravity.  In  addition,  a  cumulative  summary  of  number  of  touch-downs, 
number  of  gear  extension  events,  number  of  flights,  total  flight  time,  and  vertical 
acceleration  overloads  with  associated  gross  weight  will  be  stored.  It  is  planned  that 
the  accumulated  data  will  be  collected  (but  not  cleared  from  memory)  at  100-hour  phased 
inspection  intervals  at  the  base  level  using  the  MLV  unit. 

Post-flight  processing  of  the  Type  2  data  will  utilize  the  delta  NzW  exceedance/ 
occurrence  tables  in  much  the  same  manner  a3  the  MSR  data  of  the  F-16  A/B  IAT  program. 

The  addition  of  the  other  Type  2  data  will  provide  a  more  detailed  capability  for  the 
tracking  of  the  usage  of  individual  aircraft. 

The  data  to  be  processed  and  accumulated  by  the  SAU  for  tracking  of  individual 
aircraft  are  selected  to  be  independent  of  flight  crew  inputs  and  will  require  only 
minimal  ground  personnel  interaction.  It  is  anticipated  that  this  will  result  in  high 
capture  rates  of  individual  aircraft  usage  data  and  therefore  provide  increased  data 
sampling  for  the  IAT  program  for  the  F-16  C/D  aircraft. 

4.3  Structural  Loads  Environment  Data  (Type  3) 

The  processing  by  the  SAU  and  storage  in  the  AMU  of  the  Type  3  data  will  provide 
greatly  expanded  and  simplified  methods  for  the  Loads/Environment  Spectra  Survey  of  the 
F-16  C/D  aircraft.  In-flight  processing  will  include: 

-  calculation  of  aircraft  response  accelerations  (Pdot,  Qdot,  and  Rdot)  from 
high  sampling  rate  response 

-  calculation  of  vertical  and  lateral  accelerations  at  the  aircraft  c.g. 

-  data  compression  of  the  available  flight  parameters 

The  data  compression  techniques  to  be  employed  on-board  the  aircraft  will  elimin¬ 
ate  most  of  the  data  processing  procedures  required  for  the  original  F-16  A/B  FLR  data 
reduction,  including  Quicklook  and  Loads  Edit.  The  in-flight  compressed  data  will  retain 
the  maneuver  time  history  sequence  provided  by  these  procedures. 


The  peak-valley  maneuver  indicators  for  inflight  data  compression  will  include: 
the  accelerations,  Nz  and  Ny,  roll  response  parameters,  P  and  Pdot,  and  computed  bending 
moment  loads  on  the  horizontal  tails  and  the  vertical  tail.  There  are  provisions  to 
compress  the  ground  time  histories  in  much  the  same  manner  based  on  relevant  ground 
maneuver  parameters. 

The  AMU  will  contain  sufficient  memory  to  retain  10  or  more  flights  of  Type  3  data, 
depending  on  the  flight  maneuver  activity.  In  the  event  that  the  memory  capacity  is 
reached,  the  oldest  data  in  memory  will  be  overwritten.  The  Type  3  data  will  be  extracted 
from  the  AMU  by  the  MLV  unit  during  the  same  100-hour  phased  inspection  as  the  Type  2  data 
resulting  in  the  capture  of  approximately  10  percent  of  flight  activity  on  all  F-16  C/D 
aircraft. 

The  compressed  time  histories  resulting  from  the  Type  3  data  collection  will  be  pro¬ 
cessed  by  revised  li.-ds  prediction  procedures  for  development  of  both  airframe  and  land¬ 
ing  gear  operational  roads  spectra. 

4.4  Engine  Usage  Data  (Type  4) 

The  Type  4  data  processed  by  the  SAU  and  stored  in  the  AMU  with  the  Type  3  data  will 
greatly  increase  the  availa  e  e’ /ine  usage  data  over  the  methods  employed  in  the  original 
F-16  FMP .  The  engine  usage  parameters  will  be  expanded  to  include  true  freestream  air 
temperature,  longit:  inal  acceleration,  turbine  fan  RPM,  and  fan  inlet  temperature  as 
shown  in  Table  4.1. 

The  processing  procedures  for  the  Type  4  data  will  incorporate  a  floating  aperture 
algorithm  for  data  compression  similar  to  that  to  be  used  for  the  Type  1  data  processing. 
This  will  result  in  high  resolution  time  histories  of  operational  engine  usage  for  sub¬ 
sequent  use  in  the  development  of  operational  usage  spectra  for  the  engine.  The  Type  4 
data  will  be  stored  in  the  AMU  alo.'.g  with  the  Type  3  data  and  will  be  extracted  at  the 
same  100-hour  phased  inspection  intervals  as  the  Type  2  -..d  Type  3  data. 

4.5  CSFDR  Incorporation 

The  incorporation  of  the  CSFDR  system  on  the  USAF  F-16  C/D  aircraft  will  greatly 
enhance  the  capabilities  for  monitoring  operational  usage  in  addition  to  providing  the 
information  necessary  for  detailed  and  timely  mishap  investigation.  Current  plans 
anticipate  that  the  syscem  will  be  available  in  1987.  Consideration  is  also  being  given 
to  the  installation  of  the  CSFDR  system  in  other  F-16  variations  including  a  retrofit 
of  the  system  into  USAF  F-16  A/B  aircraft. 


5.  CONCLUSION 

The  Force  Management  Data  Package  provided  to  the  Uniced  States  Air  Force  for  the 
F-16  aircraft  by  General  Dynamics  is  fulfilling  the  objectives  of  Task  IV  of  the  Air 
Force  Aircraft  Structural  Integrity  Program.  The  data  collection  and  data  management 
procedures  for  the  Air  Force  to  successfully  manage  the  structural  maintenance  program 
for  the  F-16  aircraft  during  operation  of  Task  V  are  well  established.  The  future 
F-16  Force  Management  Program  will  provide  increased  capabilities  to  monitor  force 
operations  and  information  for  structural  maintenance  planning. 
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SUMMARY 

The  evaluation  of  fatigue  critical  components  of  the  helicopter  requires  a  well 
defined  mission  loading  spectrum  which  directly  depends  upon  the  actual  operational 
usage  of  the  helicopter.  The  US  Army  began  concerted  efforts  in  1964  to  acquire 
realistic  service  usage  data  for  their  operational  helicopters.  Initial  measurement 
programs  were  made  on  aircraft  operating  routinely  within  the  US.  These  efforts  were 
subsequently  extended  to  include  helicopters  performing  combat  and  support  missions  in 
Vietnam,  cold  weather  operations  in  Alaska,  and  nap-of-the-earth  (NOE)  training  missions 
at  Fort  Rucker.  In  addition,  a  comprehensive  Operational  Load  Survey  was  conducted  to 
acquire  detailed  knowledge  of  the  rotor  aerodynamic  environments  and  structural  dynamic 
response  simultaneously.  The  Army's  most  recent  effort  in  flight  loads  monitoring  ha3 
been  the  development  and  demonstration  of  the  Structural  Integrity  Recording  System 
(SIRS)  which  includes  an  airborne  microprocessor  based  recorder,  a  portable  flight  line 
retrieval  unit,  and  a  data  processing  package. 

This  paper  highlights  the  findings  from  the  Army’s  helicopter  service  usage  programs 
and  the  Operational  Loads  Survey  program  and  describes  the  development  and  capability  of 
SIRS. 

INTRODUCTION 

In  order  to  determine  the  useful  life  of  any  aircraft,  or  the  fatigue  life  of  any 
component,  three  factors  must  be  known.  They  are:  (1)  fatigue  strength,  (2)  fatigue 
loads,  and  (3)  the  frequency  of  occurrence  of  these  loads.  These  factors,  when  used  in 
conjunction  with  a  cumulative  damage  fatigue  theory,  result  in  the  prediction  of  the 
fatigue  life  for  structural  components.  The  fatigue  strength  of  the  structure  is  deter¬ 
mined  from  laboratory  testing.  The  fatigue  loads  that  the  structural  components  will  be 
subjected  to  in  service  are  determined  a  short  time  after  construction  of  the  helicopter 
by  conducting  a  flight  load  survey.  Here,  the  helicopter  is  heavily  instrumented  and  is 
flown  to  the  various  flight  regimes  specified  in  the  design  mission  spectrum.  The 
corresponding  loads  for  each  regime  are  measured.  The  third  major  factor,  loading 
frequency  of  occurrence,  is  established  initially  from  a  specified  mission  profile 
generated  generally  by  the  procuring  agency  or  the  contractor.  The  mission  profile, 
which  is  sometimes  referred  to  as  a  flight  or  mission  spectrum,  is  defined  in  the  ideal 
sense  as: 


"The  most  representative  history  of  ground  and  flight  conditions 
that  a  given  vehicle  will  encounter  during  its  lifetime." 

The  ground  and  flight  conditions  encompass  variations  and  combinations  of  aircraft 
physical  parameters  such  as  external  configuration,  weight,  and  center  of  gravity; 
flight  parameters  such  as  airspeed,  altitude,  rotor  RPM,  and  engine  torque;  and  any 
other  parameters  such  as  gust  loading  spectra,  which  affect  the  lifetime  of  the 
helicopter  structural  components.  This  specified  profile  may  be  developed  from  any  of 
several  data  sources  that  include  statistical  surveys  conducted  on  similar  operational 
helicopters,  discussions  with  pilotB  and  helicopter  users,  and  anticipated  scenarios  in 
which  the  system  being  developed  will  be  used.  The  loading  frequency  of  occurrence  can 
only  be  determined  once  the  helicopter  is  fielded.  Because  of  the  various,  frequently 
changing  roles  that  the  helicopter  is  required  to  perform,  it  is  this  load  frequency  of 
occurrence  spectrum  that  is  oftentimes  the  key  variable  of  uncertainty  for  establishing 
structural  component  fatigue  lives. 

Fatigue-related  problems  associated  with  the  helicopter  differ  from  those  asso¬ 
ciated  with  fixed-wing  aircraft,  by  virtue  of  the  rotating  wings  that  produce  inherent 
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cyclic  loads  throughout  all  components  of  the 
system.  Figure  1  shows  a  typical  comparison  o; 
the  stress  histories  for  a  transport  helicopter 
blade  root  end  and  that  for  a  typical  commer¬ 
cial  transport  wing  root.  The  helicopter  dyna¬ 
mic  components  tend  to  be  loaded  at  frequencies 
that  are  multiples  of  the  rotor  speed — 
typically  2  to  20  Hz.  This  loading  represents 
7  million  to  70  million  cycles  per  1000 
operating  hours.  Thus,  these  components 
experience  a  much  higher  frequency  of  cyclic 
loading,  but  with  a  narrower  spread  of  the 
loading,  than  the  fixed  wing  aircraft 
component.  Both  fixed-wing  and  rotary-wing 
components  are  subjected  to  ground-air-ground 
cyclic  loading.  The  problem  of  fatigue  and 
structural  integrity  has  continually  grown  in 
importance  as  demands  for  extended  helicopter 
service  life,  increased  operational  perform¬ 
ance,  and  the  severity  of  operating  conditions 
have  increased. 

Fixed-Wing  Aircraft. 

Tne  Applied  Technology  Laboratory  (ATL),  of  the  US  Army  Reasearch  and  Technology 
Laboratories,  Aviation  Systems  Command  (AVSCOM),  has  had  a  long  history  of  measuring 
flight  loads  on  operational  helicopters.  Recognizing  an  inadequacy  in  design  criteria 
and  specifications  for  the  Army's  aircraft,  ATL  launched  a  program  in  1964  to  obtain 
realistic  mission  and  load  spectra  for  the  Army's  operational  aircraft.  As  a  result, 
operational  flight  loads  have  been  collected  for  several  helicopter  types  in  varied 
environments. 

The  oscillograph  has  been  the  primary  and  most  successful  means  of  recording  these 
data.  The  SIRS  has  been  developed  for  tracking  the  fatigue  accumulation  on  helicopter 
structural  components  while  at  the  same  time  providing  useful  information  on  the  heli¬ 
copter's  operational  usage.  The  SIRS  provides  a  feasible  flightworthy  microprocessor 
system,  capable  of  storing  and  processing  large  quantities  of  data  in  solid  state  memory 
with  total  automation. 

This  paper  presents  an  overview  of  the  US  Army's  work  in  operational  flight  loads 
technology,  including  highlights  from  helicopter  service  usage  programs  and  the 
Operational  Ioadr  Survey  program,  and  describes  the  development  and  capability  of  SIRS. 
Recommendations  are  made  for  needed  future  work  and  technology  thruots  in  this  area. 

REQUIREMENTS 

The  overall  requirement  for  a  comprehensive  flight  loads  program  lie3  in  the  need 
to  be  able  to  identify  and  record  damaging  flight  regimes  and  to  estimate  how  much  fati¬ 
gue  damage  has  degraded  component  life  during  normal  operations.  This  information  can 
then  be  used  to  provide  a  safer  environment  and,  in  some  instances,  longer  usable  life 
of  the  aircraft  ?  .<5  its  subsystems.  The  identification  of  damaging  flight  regimes  must 
rely  on  some  mear.  of  flight  measurements,  the  analyses  of  these  measurements,  and 
extended  interpretation  based  on  statistical  practices. 

Structural  design  criteria  and  military  specifications  that  are  peculiar  to  the 
varied  missions  performed  by  Army  aircraft  are  necessary  to  assure  procurement  of 
aircraft  that  vill  satisfy  the  mission  requirements  of  the  Army  and  assure  satisfactory 
service  throughout  their  useful  life.  Historically,  Army  helicopters  have  been  designed 
to  mission  profiles  based  on  one  or  several  sources  that  included  existing  military 
specifications  such  as  MIL-S-8698  and  AR-56,  FAA  specifications  such  as  CAM-6,  and 
contractor  established  specifications.  The  operational  flight  loads  surveys  conducted 
by  ATL  especially  emphasized  certain  shortcomings  of  these  specifications  to  represent 
the  actual  loads  and  flight  spectra  of  the  Army's  helicopters  in  the  field.  The  more 
.scent  procuraments,  the  UH-60A  (BLACK  HAWK)  and  the  AH-64  (APACHE),  were  designed  to 
specifications  specifically  written  for  these  aircraft,  based  on  the  flight  loads  data 
base  established  by  ATL  with  the  operational  measurements,  combined  with  expected 
mission  profiles  defined  by  the  Army. 

ATL  APPROACH 

The  US  Army  has  engaged  in  programs  directed  at  the  measurement  and  evaluation  of 
the  operational  usage  of  its  helicopters  since  1964.  The  general  objective  of  these 
programs  has  been  to  measure  flight  parameters  and  loads  incurred  by  operational 
aircraft  in  order  to  better  define  helicopters'  operational  usage  and  associated  flight 
load  spect.um,  thereby  permitting  improved  design  criteria  and  specifications,  and  a 
more  reliable  estimate  of  dynamic  component  fatigue  life.  In  addition,  the  usage 
programs  provide  data  for  establishing  the  mission  profile  for  a  given  type  of  aircraft 
and  define  the  relationship  of  the  recorded  operating  spectrum  to  that  used  in  the 
initial  design  of  the  helicopter.  Table  1  summarizes  the  ustge  programs.  Initial 
measurements,  documented  in  References  1  through  3,  wero  made  on* aircraft  operating 


Figure  l.1  Typical  Stress  Spectra 
for  Rotary-Wing  and 


TABLE  1.  us  Army  Helicopter  Service  Usage  Measurement  Programs 
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within  the  Continental  United  States  and  were  subsequently  expanded  to  include  helicop- 
ters  performing  combat  missions  in  Southeast  Asia  (Vietnam),  References  4  through  9, 
cold  weather  operations  in  Alaska,  Reference  10,  and  NOE  training  at  Fort  Rucker, 
Alabama,  USA,  Reference  11.  The  flight  loads  investigations  on  helicopters  in  Southeast 
Asia  (SEA)  provided  significant  information  of  the  operational  usage  of  these  helicop¬ 
ters  in  a  combat  environment  and  enabled  comparisons  with  the  same  helicopters  in  a 
peacetime  or  simulated  combat  environment.  Operational  usage  data  have  been  collected 
for  the  following  class-model  helicopters:  transport  -  CH-47A,  crane  -  CH-54A, 

attack  *  AH-lG,  and  observation  -  0H-6A.  They  are  shown  in  Figure  2. 
The  helicopters  were  instrumented  and  an  oscillographic  recording  system  was  installed 
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to  measure  the  parameters  denoted  in 
the  Appendix.  After  each  recorded 
flight,  a  field  technician,  aided  by 
the  pilot,  filled  out  a  special  form  to 
log  the  supplemental  data  needed  to 
process  thn  oscillogram  data.  Such 
additional  information  included: 

(1)  the  flight  date,  (2)  helicopter 
configuration,  (3)  mission  type, 

(4)  airspeed  and  rotor  rpm  at  certain 
check  points,  (5)  takeoff  elevation, 

(6)  barametric  pressure,  (7)  tempera¬ 
ture,  (8)  base  location,  (9)  time, 

(10)  fuel  weight,  and  (11)  armament 
weight.  Items  8-11  were  recordod  for 
both  takeoff  and  landing  conditions.  In 
addition,  the  field  technician  logged 
the  serial  number  for  each  transducer 
so  that  the  calibration  data  could  be 
correlated  with  the  recorded  data 
during  final  data  processing.  The  data 
recording  reduction  process  is  depicted 
in  Figure  3. 

The  AH-1G  Operational  toads  Survey 
(OLS),  Reference  12,  was  not  directed- 
specifically  at  defining  service  usage, 
but  rather  entailed  a  comprehensive 
flight  test  program  to  acquire  detailed 
knowledge  of  the  rotor  aerodynamic 
envi ronments  and  the  attendant  struc¬ 
tural  dynamic  responses  simultaneously. 
In  the  process  of  these  measurement 
programs,  a  large  operational  usage 
data  base  has  been  established,  various 
methods  of  recording  and  techniques  of 
analyzing  the  data  have  been  evaluated, 
and  the  results  have  been  applied  to 
Figure  3.  Data  Recording  and  Reporting  new  analysis  programs  for  improved 

Process  prediction  capability. 

The  measured  data  from  the  operational  usage  measurement  programs  were  processed 
and  analyzed  according  to  distinct  flight  phases  termed  mission  segments.  Data  were 
also  reduced  and  presented  in  the  form  of  time  and  occurrence  tables,  histograms,  and 
exceedence  curves.  The  tables  give  the  time  spent  or  number  of  parameter  peaks 
distributed  among  the  various  combinations  of  parameter  ranges;  the  histograms  show  the 
percentage  of  flight  time  spent  in  selected  ranges  of  the  flight  parameters;  and  the 
exceedence  curves  indicate  the  number  of  hours  required  to  reach  or  exceed  specific 
parameters. 

As  operational  flight  loads  data  from  the  measurement  programs  became  available, 
the  studies  in  References  13  through  15  were  performed  to  analyze  these  operational 
data,  assessing  how  they  differed  as  a  function  of  theater  of  operation  and  mission 
assignments,  how  they  varied  from  the  design  fatigue  spectra,  and  what  effect  these 
variations  have  on  the  lives  of  helicopter  fatigue  critical  structural  components.  The 
results  which  characterized  the  helicopter  usage  profiles  were  quite  instrumental  in  the 
formulation  of  the  mission  profiles  for  the  Army's  new  helicopter  system  developments, 
the  UH-60  and  the  AH-64,  as  attested  to  in  Reference  16.  However,  most  of  the 
ass-  ssments  within  these  studies  on  changes  in  fatigue  lives  tended  to  be  qualitative, 
e.g.,  "it  must  be  concluded  that  components  on  the  armed/armored  helicopter  would  have  a 
significantly  shorter  fatigue  life  than  identical  components  on  the  cargo  helicopters." 

In  1972  the  US  Array  contracted  the  Reference  17  through  20  studies,  authorizing 
each  of  four  US  helicopter  manufacturers  to  analyze  the  available  operational  data  on 
their  specific  aircraft  and  to  develop  and  update  utilization  spectrum  with  which  to 
compare  against  the  design  spectrum.  This  updated  spectrum  was  ultimately  used  by  each 
manufacturer  to  predict  critical  structural  component  fatigue  lives  for  comparison 
against  those  predicted  by  the  original  spectrum.  Each  manufacturer  found  it  necessary 
to  make  assumptions  in  converting  the  operational  data  to  a  format  appropriate  for  his 
respective  analysis.  The  studies  clearly  demonstrated  that  the  measured  operational 
data  were  not  amenable  for  direct  use  by  the  fatigue  analyst  in  determining  the  effects 
of  various  operational  environments  on  fatigue-critical  components,  because  the 
frequency  and  sensitivity  of  all  damaging  flight  conditions  were  not  identifiable.  As 
a  result  of  this  conclusion,  the  Army  initiated  the  Reference  21  study  of  methods  for 
monitoring  and  recording  the  in-flight  operation  of  helicopters  for  specific  assessment 
of  fatigue  damages  to  their  structures.  Four  in-flight  monitoring  systems  were  .jval- 
uated  and  the  recommended  approach  was  a  flight  condition  monitoring  method  wnich 
records  parameters  to  identify  a  fairly  large  number  of  flight  conditions  upon  which 
fatigue  damage  assessment  is  based.  Development  of  a  flight  condition  monitoring 
method,  or  SIRS  as  it  is  termed,  beg»n  in  1975  and  has  been  used  to  monitor  service 
usage  of  the  G  and  S  models  of  the  AH-1  helicopter. 
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USAGE  MEASUREMENT  PROGRAM  RESULTS 

Plight  profile  data  from  each  of  the  operational  usage  surveys  categorize  the  total 
flight  time  into  four  basic  mission  segments!  (1)  takeoff  and  ascent;  (2)  maneuvering; 
(3)  descent)  flare,  and  landing;  and  (4)  steady  state.  These  mission  segments  are 
defined  in  Reference  5  as  follows: 

"During  the  first  three  mission  segments  which  comprise  the  transient  part  of 
flight,  the  stick  position  traces  seem  to  deviate,  while  the  airspeed  and  altitude 
traces  manifest  frequent  changes.  Mission  Segment  1  (takeoff  and  ascent)  includes  not 
only  the  takeoff  and  climb  to  the  initial  steady-state  altitude  but  also  the  steady 
ascents  to  other  steady-state  altitudes.  Mission  Segment  2  (maneuvering)  consists  of 
any  transient  parts  of  the  flight  which  are  not  characteristic  of  Mission  Segments  1  and 
3.  During  maneuvering,  the  normal  acceleration  trace  is  usally  very  active.  In  addi¬ 
tion  to  the  unsteady  part  of  flare  and  landing.  Mission  Segment  3  (descent,  flare  and 
landing)  includes  the  unsteady  part  of  any  descent  whether  intended  for  a  new  steady 
flight  altitude  or  for  landing.  Mission  Segment  4  (steady  state)  includes  those  parts 
of  the  flight  where  the  stick  traces  are  relatively  steady  and  where  the  airspeed  and 
altitude  traces  are  steady  or  changing  smoothly.  Such  characteristics  prevail  during 
cruise,  hover,  steady  ascent,  and  descent." 

Oftentimes  the  usage  measurement  data  trends  for  key  mission  segments  and  flight 
parameters  deviate  from  those  specified  or  developed  for  the  design  spectrum.  Caution 
must  be  exercised,  however,  in  reaching  conclusions  on  component  fatigue  life  changes 
based  only  on  certain  segment  or  parametric  variations — all  variations  must  be  con¬ 
sidered.  This  is  best  illustrated  by  the  Reference  18  study  wherein  select  dynamic 
component  fatigue  lives  for  the  AH-1G  helicopter  were  calculated  using  a  mission  profile 
based  on  SEA  operations  and  compared  with  those  determined  using  the  original  frequency 
of  occurrence  spectrum.  The  findings  were: 

"Although  there  were  some  relatively  large  modifications  in  some  areas  of  the 
spectrum,  the  net  effect  on  the  resulting  fatigue  life  was  not  significant.  This  is 
attributed  to  the  fact  that  even  though  some  of  the  individual  changes  seemed  rather 
drastic,  they  tended  to  compensate  for  each  other.  The  changes  in  mission  segments, 
wherein  the  time  spent  in  level  flight  was  reduced  and  the  time  spent  in  maneuver  was 
increased,  would  lead  one  to  expect  a  reduction  in  fatigue  life.  However,  this  was 
apparently  compensated  for  by  the  reduction  in  severity  of  the  airspeed  distribution, 
since  the  oscillatory  loads  are  strongly  dependent  upon  airspeed." 

A  short  summary  of  each  of  these  major  measurement  programs  is  presented  in  the 
following  sections,  catagcrized  by  aircraft. 

CH-47A  Chinook 


The  twin-tandem  CH-47A  Chinook  helicopter  was  designed  to  meet  the  US  Army  medium 
lift  requirements  as  a  personnel  transport  and  cargo  carrier.  The  helicopter  is  a  twin 
turbine  engine,  tandem  rotor  mediun-lift  aircraft  with  a  design  gross  weight  of  28,500 
pounds.  Cargo  can  be  transported  either  internally  or  externally.  Plight  service  usage 
evaluation  programs  have  been  conducted  on  the  CH-47A  flown  in  three  different  mission 
assignments.  Two  of  the  missions  were  flown  in  SEA  under  actual  combat  conditions,  one 
as  an  armed/armored  helicopter.  Reference  4,  and  one  as  a  cargo/transport  helicopter. 
Reference  5.  The  third  mission  was  flown  as  a  cargo/transport  helicopter  during  simu¬ 
lated  maneuvers  in  the  United  States,  Reference  3. 

Figure  4  presents,  for  each  of  the  three  CH-47A  measurement  programs,  the 
percentage  of  the  total  time  in  each  mission  segment  and  compares  it  against  the  profile 
from  CAM-6,  Reference  22,  and  the  contractor's  original  design  profile  for  the  CH-47A, 
Reference  24.  The  mission  segment  breakouts  for  the  two  cargo/ transport  helicopters  are 
generally  in  close  agreement.  Variations  in  the  maneuver  and  descent  segments  may  be 
due  to  the  normal  scatter  that  can  be  expected  with  this  type  data,  or  could  possibly  be 
due  to  variations  in  factors  associated  with  operating  in  friendly  and  hostile  environ¬ 
ments  . 

The  mission  segment  breakout  for  the  armed/armored  CH-47A  operating  in  SEA  varies 
considerably  from  those  obtained  for  the  cargo/transport  helicopters.  The  high  percen¬ 
tage  of  time  spent  in  the  maneuver  segment,  which  is  essentially  unsteady  forward  flight 
at  fairly  constant  altitudes,  reflects  the  unsteady  nature  of  the  gunship's  mission 
assignment  in  supporting  ground  operations. 

Comparison  of  the  empirical  mission  profiles  based  on  CAM-6  and  the  CH-47A  design 
spectra  shows  higher  steady-state  time  percentages  than  cure  revealed  from  flight- 
measured  data.  The  percentage  of  time  in  ascent  and  descent  is  consistantly  higher  for 
all  three  flight  measured  programs.  The  design  profiles  show  significantly  lower 
maneuver  time  percentages  than  measured  for  the  armed/armored  mission  helicopter. 

Cumulative  frequency  distributions  for  airspeed,  gross  weight,  altitude,  and 
vertical  load  factors  based  on  measured  data  from  each  of  the  three  service  measurement 
programs  is  presented  in  Figure  5.  Airspeed  distributions  are  expressed  as  a  percentage 
of  V^,  where  is  defined  as  the  maximum  attainable  level  flight  velocity  considering 
gross  weight,  usable  power,  blade  stall,  and  structural  limitations.  Comparison  of  the 
cumulative  airspeed  frequency  distributions  shows  that  the  SEA  armed/armored  and  the  USA 
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cargo  transport  helicopters  spent  greater  percentages  of  time  at  higher  airspeeds  than 
the  SEA  cargo/transport  helicopter.  The  variations  between  the  USA  and  the  SEA 
cc rgo/transport  aircraft  may  be  influenced  by  geographic  and  climatic  conditions  as  well 
as  by  the  change  from  a  friendly  to  a  hostile  environment.  The  cargo/transport  helicop¬ 
ters  spent  more  time  at  the  lower  airspeeds  than  the  SEA  armored/armored  helicopters. 
Finally,  the  maximum  airspeed  attained  by  the  SEA  armed/armored  helicopter  was  higher 
than  that  attained  by  either  of  the  cargo/ transport  helicopters.  A  comparison  of  the 
flight-measured  airspeed  spectra  with  the  CAM-6  spectrum  reveals  that  the  CAM-6  spectrum 
is  in  fairly  close  agreement  with  the  data  for  the  USA  cargo/ transport  and  the  SEA 
armed/armored  helicopters.  The  fatigue  spectrum,  upon  which  the  CH-47A  was  originally 
designed,  is  not  in  very  good  agreement  with  flight-measured  data. 

Little  similarity  is  noted  in  the  cumulative  gross  weight  frequency  distributions 
for  the  three  CH-47A  mission  assignments,  particularly  between  the  cargo/ transport  and 
the  armed/armored  helicopters.  The  SEA  armed/armored  helicopter  spent  90  percent  of  the 
total  time  at  gross  weights  in  excess  of  the  28,500  design  normal  gross  weight,  whereas 
the  SEA  and  USA  cargo/transport  helicopters  spent  10  percent  and  7  percent, 
respectively,  of  the  total  time  above  this  value.  The  specialized  nature  of  the  SEA 
armed/armored  helicopter's  mission  requires  it  to  carry  a  considerable  amount  of 
attached  armament  and  armor  to  and  from  the  target  area.  The  weight  variations 
occurring  during  the  mission  would  be  due  only  to  fuel,  oil,  and  ammunition  expended. 

The  cargo/ transport  helicopter,  however,  would  be  loaded  with  troops  or  cargo  either  on 
its  way  to  or  returning  from  the  target  area,  but  usually  not  in  both  directions.  Thus, 
the  percentage  of  time  spent  by  the  cargo/transport  aircraft  at  the  heavier  gross  weight 
would  be  expected  to  be  considerably  less  than  those  spent  by  the  armed/armored 
aircraft.  Differences  in  the  cumulative  gross  weight  frequency  distributions  for  the 
two  transport/cargo  helicopters  may  be  due,  in  part,  to  operational  environments. 
Possibly,  operations  in  a  friendly  environment  would  not  be  as  efficiently  performed  as 
in  an  unfriendly  one,  or  the  need  to  carry  higher  payloads  in  the  USA  cargo/transport 
helicopter  would  not  be  as  urgent  a3  it  would  be  in  the  SEA  cargo/ transport  helicopter. 

The  cumulative  altitude  frequency  distributions  show  that  the  two  helicopters 
operating  in  SEA  generally  flew  at  higher  density  altitudes  than  did  the  cargo/transport 
helicopter  flying  in  the  USA.  This  is  primarily  due  to  the  higher  elevations  of  the 
flight  terrain  and  the  relatively  higher  temperatures  prevalent  in  the  area  of  operation 
in  SEA.  Conjecturally,  another  contributor  could  be  that  helicopters  flying  over 
terrain  where  enemy  ground  fire  may  be  expected  would  fly  at  higher  altitudes  to  avoid 
this  danger. 

The  flight  load  spectra  data  in  Figure  5  for  vertical  load  factors  are  expressed 
as  “at  or  above"  (rather  than  “at  or  below" >  cumulative  frequency  distributions  because 
the  occurrences  were  summed  cumulatively  starting  at  the  largest  absolute  value  of  load 
factor.  The  vertical  load  factor  distribution  for  the  three  CH-47A  mission  assignments 
show  a  degree  of  variation  of  the  positive  vertical  load  factor  data,  particularly 
between  the  two  cargo/ transport  and  armed/armored  aircraft.  The  negative  load  factor 
data  are  quite  uniform.  The  higher  vertical  load  factors  and  the  higher  frequencies  of 
occurrence  experienced  by  the  armed  helicopter  are  not  surprising,  and  it  would  also  be 
anticipated  for  this  aircraft  would  be  flown  in  a  more  erratic  manner.  It  would  also  be 
expected  that  the  frequency  of  occurrence  of  the  higher  negative  load  factor  peaks  would 
be  greater  for  the  armed  aircraft  than  for  the  cargo  aircraft.  This,  however,  is  not 
evidenced  by  the  data  available. 

Comparison  made  in  Reference  14  of  the  frequency  of  occurrence  of  maneuver  and 
gust-induced  vertical  load  factors  revealed  that  the  gust-induced  vertical  load  factors 
encountered  by  a  helicopter  are  only  a  small  percentage  of  the  total  load  factor 
experience.  For  example,  the  number  of  maneuver  induced  vertical  load  factor  peaks 
experienced  per  thousand  hours  at  4%  =  .4g  or  greater  is  approximately  1010  for  the 
SEA  armed  helicopter.  The  number  of  gust-induced  vertical  load  factor  peaks  is  4,  or 
.39  percent  of  the  total  factor  experience.  Vertical  load  factor-airspeed  trends 
examined  in  Reference  14  show  that  for  both  the  cargo  and  armed  helicopters  load  factors 
were  most  frequently  encountered  in  the  65-knot  to  100-knot  airspeed  range,  rather  than 
at  the  lower  or  higher  airspeeds. 

Reference  19  cites  the  applicability  of  this  operational  usage  data  in  the  CH-47 
development  s 

"Operational  use  of  the  CH-47A  as  compared  to  the  design  mission  profile  led 
directly  to  the  rework  of  the  forward  and  aft  rotor  shafts  and  contributed  to  reduced 
retirement  lives  for  several  dynamic  system  components.  Exceedence  of  the  airspeed 
limitations  of  the  operator's  manual  is  cited  as  the  principal  cause  of  the  reduced 
fatigue  lives.  The  experience  gained  in  evaluating  the  operational  use  of  the  CH-47A 
helicopter  was  used  in  the  development  of  the  CH-47B  and  CH-47C  models.  The  structural 
performance  of  the  growth  models  shows  a  great  improvement  over  the  CH-47A,  at  least  a 
part  of  which  should  be  attributed  to  the  CH-47A  operational  experience.  No  operational 
survey  has  been  conducted  on  the  B  and  C  models  however,  so  the  adequacy  of  their 
mission  profiles  cannot  be  evaluated.” 
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1  CH-S4A  Tarhe 

The  CH-54A  helicopter  is  a  twin-turbine  engine,  six-bladed  single-rotor,  heavy-lift 
i  aircraft  having  a  design  normal  gross  weight  of  38,000  pounds  and  a  design  maximum  gross 

weight  of  42,000  pounds.  The  helicopter  is  configured  to  carry  heavy,  outsized  payloads 
or  special  purpose  vans  or  pods  from  either  a  single-point  or  four-point  suspension 
system.  Twenty  thousand  pounds  can  be  carried  with  the  winch  locked  at  a  selected  cable 
length.  The  four-point  system  uses  four  6000-pound-capacity  hoists  mounted  at  hard 
points  on  the  side  of  the  fuselage.  Helicopter  crew  consists  of  a  pilot,  a  copilot,  and 
an  aft-facing  hoist  operator. 

The  operational  data  base  for  the  CH-S4A  resulted  from  two  measurement  programs  - 
one  during  simulated  -ombat  maneuvers  at  Fort  Banning,  Georgia,  USA,  Reference  2,  and 
another  during  actu  ■  combat  missions  in  SEA,  Reference  7. 

Figure  4  presents  design  and  operational  mission  segment  data  as  bar  charts  showing 
the  percentages  of  time  spent  ir.  each  of  the  four  mission  segments:  ascent,  maneuver, 
descent  and  steady-state.  The  individuality  of  flight  spectra  and  the  importance  of 
mission  assignment  in  establishing  the  character  of  flight  spectra  become  apparent  when 
comparing  the  SEA  and  USA  operational  data.  Only  the  percentages  of  time  spent  in  the 
maneuver  segment,  are  comparable.  For  the  other  segments,  the  percentages  of  time 
corresponding  to  the  actual  combat  mission  versus  the  simulated  combat  mission  are  42 
percent  versus  79  percent  for  steady  state,  26  percent  versus  7  percent  for  ascent,  and 
31  percent  versus  12  percent  for  descent  respectively.  In  this  case  the  predicted  simu¬ 
lated  combat  mission  assignment  flown  in  the  USA  was  not  indicative  of  the  experience 
that  prevailed  in  actual  combat.  Comparison  of  the  flight  measured  mission  segments 
with  the  emperical  design  mission  profile  reveals  fair  correlation  between  the  data  from 
USA  operations  and  the  design  profiles.  However,  the  data  from  SEA  operations  shows 
poor  correlation  with  the  design  profile:  the  steady-state  percentages  from  operational 
data  is  only  approximately  half  that  of  the  empirical  profiles  and  the  ascent  and 
descent  segments  from  operational  data  are  considerably  higher  the  respective  segments 
of  the  empirical  profile. 

The  flight  spectra  data  for  the  SEA  operations  were  divided  into  samples  of  203  and 
207  hours  to  examine  the  effects  of  sample  size  on  the  resulting  flight  Bpectrum.  The 
percent  deviations  from  the  mean  for  the  two  data  samples  are  ±.12  percent  for  ascent, 
t.15  percent  for  maneuvers,  ±3.1  percent  for  descent,  and  ±2.9  percent  for  steady  state. 
These  deviations  are  not  considered  excessive,  in  that  the  combat  situation,  and  thus 
the  flight  spectra,  encountered  from  day  to  day  or  over  a  period  of  time  could  vary 
significantly  due  to  changes  in  objectives  or  tactics,  or  fluctuations  in  weather 
conditions . 

Cumulative  frequency  distributions  for  airspeed,  gross  weight,  altitude,  rotor 
speed  (RPM) ,  and  vertical  load  factor,  based  on  measured  data  from  the  usage  measurement 
programs  in  the  USA  and  SEA,  are  presented  in  Figure  6.  Analysis  of  this  data  is 
presented  in  the  following  paragraphs. 

The  cumulative  airspeed  frequency  distributions  show  that  the  CH-54AS  in  the  SEA 
theater  spent  45  percent  of  their  time  at  airspeeds  between  67  and  100  percent  VA, 
wherein  those  in  the  USA  spent  over  55  percent  of  their  time  in  this  airspeed  range. 

The  distributions  for  the  two  SEA  samples  showed  close  agreement.  The  SEA  flight, 
measured  airspeed  spectrum  compares  quite  well  with  the  CAM-6  spectrum  over  the  major 
portion  of  the  airspeed  range,  deviating  somewhat  at  the  low  and  high  airspeeds.  The 
CAM-6  spectrum  underestimates  the  percentage  of  total  mission  time  at  airspeeds  below 
the  50-percent  VA  value  and  overestimates  the  time  spent  above  the  00  percent  value. 
The  USA  flight  measured  airspeed  spectrum  does  not  show  as  close  correlation  with  that 
from  CAM-6.  The  CH-54A  fatigue  spectrum,  on  the  other  hand,  does  not  compare  as 
favorably  with  either  the  USA  or  SEA  flight  measured  data,  showing  only  reasonable 
correlation  with  the  SEA  operational  data  at  high  airspeeds  above  SO  percent  V^,  and  the 
USA  operational  data  possibly  at  low  airspeeds  below  30  percent  V^. 

The  cumulative  frequency  distribution  for  gross  weight  showed  the  SEA  helicopters 
|  to  spend  a  greater  percentage  of  time  at  lower  gross  weights.  At  the  high  gross 

,  weights,  the  SEA  and  USA  helicopters  spent  10  percent  of  the  time  in  excess  of  the 

;•  design  normal  -alue  of  38,000  pounds.  The  USA  helicopters  were  operated  at  higher 

;  weights.  The  difference  in  overall  distributions  could  be  due  in  part  to  operational 

:.  environments  and  mission  assignment.  The  exceedance  in  design  normal  values  would  be 

i  expected  to  be  just  the  opposite  of  *hat  shown,  in  that  it  would  seem  as  though  for  the 

CH-54A  operating  in  a  friendly  environment  the  transport  of  cargo  in  excess  of  design 
values  would  not  be  done  as  frequently  as  for  the  CH-54A  in  a  combat  environment. 

The  cumulative  ro'-c  speed  frequency  distribution  developed  from  the  rotor  RPM 
histograms  for  the  SEA  CH-54AS  shows  that  the  spread  of  normalized  rotor  speed  was  .97 
to  1.05  of  the  100-percent  rotor  RPM  value.  Figure  6  shows  that  the  large  majority  of 
total  mission  tim6,  76  percent,  is  spent  above  the  110  normalized  rotor  speed  value, 
rhe  CH-54A  flight  manual  specifies  that  operation  at  rotor  speeds  between  100  and  104 
percent  is  permitted  out  not  on  a  continuous  basis.  Thus,  the  operating  rotor  speed 
data  shows  that  during  large  portions  of  the  total  mission  time  both  aircraft  were 
operated  at  rotor  speeds  exceeding  the  limits  recommended  in  the  flight  manual. 
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Figure  6.  CH-54A  Cumulative  Frequency  Distributions  for  Gross  Weight, 

Altitude,  Rotor  Speed,  Vertical  load  Factor,  and  Airspeed. 

Altitude  distributions  for  the  CH-54A  in  SEA  showed  that  although  flight  altitudes 
as  high  as  10,000  feet  were  experienced,  less  than  5  percent  of  the  total  mission  time 
was  spent  above  8000  feet.  About  25  percent  of  the  total  time  was  spent  at  altitudes 
between  4000  and  8000  feet,  and  60  percent  of  the  time  was  spent  between  2000  and  4000 
feet.  Altitudes  below  2000  feet  accounted  for  less  than  9  percent  of  the  mission  time. 
Trends  for  USA  operations  were  similar.  Comparison  of  the  altitude  distribution  of  the 
CH-54A  to  those  of  the  AH-1G  and  OH-6A  operating  in  SEA  shows  the  CH-54A  to  have  a  con¬ 
sistently  smaller  cumulative  percentage  of  total  time  from  1000  to  10,000  feet.  This 
indicates  that  the  CH-54A  spent  a  greater  percentage  of  its  time  at  higher  altitudes. 
This  is  likely  due  in  large  part  to  the  mission  differences  between  the  aircraft.  Also, 
flying  over  terrain  where  enemy  ground  fire  might  be  expected,  the  CH-54A  would  normally 
cruise  at  higher  altitudes  to  avoid  this  danger. 


The  vertical  load  factor  frequency  distributions  for  the  USA  and  SEA  mission 
assignments  show  a  degree  of  variation  for  both  positive  and  negative  values.  Higher 
vertical  load  factors  and  higher  associated  frequency  of  occurrence  were  experienced  by 
the  CH-54A  in  the  USA  theater.  For  both  the  SEA  and  USA  missions,  the  incident  and 
magnitude  of  positive  vertical  load  factor  peaks  are  higher  than  for  the  negative  ones. 
The  data  shown  includes  both  gust-  and  maneuver-induced  load  factors.  However,  the 
gust-induced  vertical  load  factor  peaks  did  not  exceed  ±.3g  and  their  frequency  is  a 
factor  of  20  less  than  maneuver  induced.  In  addition  to  the  gust-  and  maneuver-induced 
vertical  load  factors,  a  hoist  segment  was  added  to  SEA  operations  to  study  the  acceler¬ 


ations  encountered  by  the  helicopter  during  either  a  cargo  pickup  or  cargo  drop  while 
the  aircraft  were  hovering.  A  high  incident  of  vertical  load  factor  peaks  were  measured 
in  hoist  operations.  The  data  should  be  used  with  caution,  however,  because  the  period 
of  the  data  sample  is  small.  The  data,  nonetheless,  does  tend  to  suggest  that  higher 
vertical  load  factor  peaks  were  experienced  during  hoisting  than  during  normal  flight 
maneuvers.  The  incidences  of  vertical  load  factor  peaks  encountered  within  a  given 
airspeed  range  were  investigated  for  the  CH-54A  in  SEA.  The  following  trends  were 
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noted!  the  greatest  number  of  positive  vertical  load  factor  peaks  of  4nz  =  +.3g  or 
greater  occurred  within  an  airspeed  range  of  0  to  40  knots  and  70  to  100  knots;  only  a 
small  number  of  lower  magnitude  vertical  load  factor  peaks  occurred  above  100  percent 
VA;  the  maximum  vertical  load  factor  peak  did  not  exceed  an2  »  +1.0g  or  -0.5g. 

UH-1H  Iroquois 

The  UH-1H  "Huey"  is  an  all-metal,  single-engine  helicopter  having  a  design  maximum 
gross  weight  of  9500  pounds.  A  single,  two-bladed,  semi-rigid  teetering  main  rotor 
provides  lift,  and  a  two-bladed,  semi-rigid,  delta-hinged  tail  rotor  provides  antitorque 
and  directional  control. 

A  large  data  base  has  been  acquired  on  the  UH-1H  helicopter  in  various  programs, 
including  training  activities  for  combat  assault  and  NOE  in  the  USA,  actual  combat 
missons  in  Southeast  Asia,  and  cold  weather  operations  in  the  Arctic.  The  early  combs 
training  in  the  USA  was  actually  conducted  with  a  UH-1B,  but  will  be  included  here  for 
discussion  purposes.  Four  basic  missions  were  flown  in  SEAs  combat  assault,  direct 
combat  support,  command  and  control,  and  passenger  transport.  Only  the  combat  assault 
missions  can  be  compared  to  the  similar  measurement  programs  in  SEA  for  the  AH-1G,  armed 
CH-47A,  and  the  UH-1B  since  those  misions  include  operations  in  a  hostile  environment. 
The  other  missions  of  the  UH-1H  in  SEA  were  primarily  non-hostile  operations  consisting 
predominately  of  resupply  and  personnel  transportation.  The  percentages  of  the  249 
missions  flown  in  SEA  are  as  follows:  combat  assault,  16.5  percent;  direct  combat 
support,  71.1  percent;  command  and  control,  9.4  percent;  and  passenger  transport,  4.0 
percent. 

Multi-channel  flight  data  were  recorded  on  two  UH-1H  helicopters  operating  from 
Fort  Greely,  Alaska.  Data  were  processed  and  analyzed  by  two  different  techniques,  the 
Four  Mission  Segment  technique  and  the  Flight  Condition  Recognition  (FCR)  technique. 

The  Four  Mission  Segment  technique  is  the  same  as  that  used  to  process  the  helicopter 
operational  usage  data  in  Southeast  Asia.  The  FCR  technique  processed  the  data 
according  to  the  occurrence  of  20  different  flight  conditions  within  seven  mission 
segment-  (1)  ground  operation,  (2)  hover,  (3)  ascent,  (4)  level  flight,  (5)  descent, 

(6)  tra  tion  and  (7)  autorotation.  The  FCR  technique,  which  is  basically  the  FCM 

concept  discussed  in  the  section  on  monitoring  systems  for  fatigue  damage,  provided  more 
detailed  results  and  better  resolution  of  the  operational  usage  than  did  the  Four 
Mission  Segment  technique.  Significant  fatigue-damage  manuevers  were  more  easily 
identified,  and  the  manuever-induced  normal  load  factors  and  their  duration  were  better 
defined.  A  comparison  of  the  Arctic  UH-1H  data  with  the  Southeast  Asia  UH-1H  data,  both 
processed  using  the  Four  Mission  Segment  technique,  showed  that  the  Artie  data  had 
greater  amounts  of  time  at  higher  values  of  airspeed,  gross  weight  and  engine  torque, 
and  lesser  amounts  of  time  at  equivalent  rates  of  climb  and  descent. 

Figure  4  is  a  comparison  of  the  operational  data  and  fatigue  spectra  for  the  UH-1B 
USA,  and  the  UH-1H  SEA  and  Arctic  measurement  programs.  This  figure  indicates  very 
poor  correlation  with  the  design  fatigue  spectrum  obtained  from  Appendix  A  of  CAM-6, 
Reference  22.  The  greater  percentage  of  maneuvering  flight  for  the  UH-13  USA  measure¬ 
ments  may  be  attributed  to  the  training  nature  of  the  flights.  For  example,  there  were 
58  practice  autorotational  landings  performed.  On  the  basis  of  this  comparison,  it 
appears  that  these  gathered  data  further  demonstrate  the  individuality  of  flight 
spectrum  data  and  the  importance  of  mission  assignment  in  establishing  the 
characteristics  of  the  operational  usage  spectrum. 

Figure  7  compares  the  cumulative  airspeed  frequency  distribution  for  the  Arctic 
and  Southeast  Asia  UH-1H  measured  data  with  those  for  the  CAM-6  spectrum  and  the  UH-1H 
design  fatigue  spectrum.  Except  for  the  higher  Arctic  data  curve  at  higher  airspeeds, 
the  two  curves  have  generally  the  same  shape.  Below  75  percent  VA,  the  measured  Arctic 
data  is  in  fair  agreement  with  the  two  spectra  curves.  However,  for  the  Southeast  Asia 
data  below  85  percent  VA,  the  agreement  is  poor.  If  it  is  assumed  that  most  of  the 
fatigue  damage  occurs  at  higher  airspeeds,  then  the  CAM-6  and  UH-1H  design  fatigue 
spectra  are  not  necessarily  conservative  with  regard  to  this  parameter. 

The  comparison  of  the  cumulative  gross  weight  frequency  distribution  for  the  Arctic 
UH-1H  data  and  the  SEA  UH-1H  data  is  also  shown  in  Figure  7.  The  shape  of  the  two 
curves  closely  agree.  The  Arctic  data  does  indicate  that  about  4  percent  of  the  flight 
time  was  spent  at  gross  weights  above  the  design  maximum.  This  high  gross  weight  opera¬ 
tion  may  be  attributed  to  the  greater  power  available  at  the  low  ambient  temperatures 
and  special  mission  requirements. 

To  investigate  the  effects  of  cold-weather  operations  on  the  loads  of  various 
dynamic  helicopter  components,  the  component  loads  were  plotted  against  main  rotor  tip 
Mach  number  in  Reference  10.  An  example  plot  is  provided  in  Figure  7.  This  figure 
indicates  that  the  main  rotor  blade  oscillatory  bending  moments  in  the  cold  weather 
(~30*C)  are  much  higher  than  those  of  the  warm  weather  data  (20*C).  The  beamwise  and 
chordwise  oscillating  moments  of  the  main  rotor  blade  increased  greatly  as  the  main 
rotor  tip  Mach  number  increased.  The  high  main  rotor  tip  Mach  numbers  were  a  direct 
result  of  the  extremely  cold  environment.  The  increased  oscillatory  moments  can  be 
explained  by  the  aerodynamic  compressibility  effects  on  the  rotating  blade  section, 
resulting  in  earlier  separation  of  flow  and  a  change  in  center  of  pressure. 
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Figure  7. 


UH-lH  Cumulative  Frequency  Distributions  for  Gross  Weight,  Normal  Load  Factor 
and  Airspeed,  and  Blade  Moment  Versus  Mach  Number. 


A  UH-lH  helicopter  assigned  to  NOE  training  missions  at  Fort  Rucker,  Alabama,  was 
instrumented  with  an  oscillograph  recording  system  to  update  the  usage  3pectrum  in  the 
NOE  flight  environment.  The  data  were  processed  by  the  FCR  technique.  Since  helicop¬ 
ters  during  NOE  missions  per font  many  transient  manuevers,  some  parameters  were 
processed  as  peaking  parameters  (parameter  values  exceeding  a  given  threshold)  and 
others  as  excursions  (specific  parameter  value  changes,  either  increasing  or  decreasing, 
within  a  specific  time  span).  Exhaust  gas  temperature,  rotor  speed,  and  vertical  and 
longitudinal  accelerations  at  the  aircraft  eg  and  the  tailboom  were  processed  as  peaking 
parameters,  while  forward  airspeed  and  engine  torque  were  processed  as  excursions. 

Additional  parameters  are  required  to  identify  the  slower  speed  manuevers  typical 
of  those  used  in  NOE  missions.  For  example,  pitch  attitude  aids  the  identification  of 
quick  stops,  and  yaw  attitude  is  a  good  indicator  of  pedal  turns  in  hover.  Terrain 
clearance  is  also  helpful  in  identifying  pop-ups  and  bob-ups. 

In  general,  it  was  found  that  the  operational  usage  spectrum  for  the  NOE  mission 
program  flown  in  training  at  Fort  Rucker  is  relatively  mild  in  terms  of  Nz  data  when 
compared  with  those  derived  from  other  measurement  programs  with  a  more  conventional 
mixture  of  mission  types. 
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AH-lG  Cobra 


The  AH-lG  "Huey  Cobra"  helicopter  is  a  highly  maneuverable,  high-speed,  single¬ 
engine  gun  ship.  It  has  a  design  grose  weight  of  9500  pounds.  Deployed  as  a  ground- 
support  weapons  platform,  the  AH-lG  has  a  controllable  nose  turret  and  two  external 
store  pylons.  The  crew  consists  of  a  pilot  and  a  copilot/gunner. 


Three  AH-lG  helicopters  were  instrumented  and  operated  from  bases  in  SEA  to  perform 
a  combat-zone  flight  loads  program.  Data  were  recorded,  processed,  and  analyzed 
following  the  Four  Mission  Segment  technique.  These  data  are  reported  in  Reference  6 
and  indicate  the  time  spent  in  the  mission  segments  and  parameter  ranges)  the  number  of 
peak  parameter  values  occurring  in  the  ranges  of  the  given  parameter,  during  each  of  the 
mission  segments,  and  in  the  ranges  of  one  or  more  related  parameters)  and  the  time  to 
reach  or  exceed  given  maneuver  and  gust  normal  load  factors.  408  valid  data  hours  were 
recorded  and  separated  chronologically  into  two  data  sets  of  about  200  hours  each  to 
test  the  validity  of  200  hours  as  an  adequate  data  sample.  The  differences  between  the 
two  samples  were  minor,  and  the  two  samples  were  observed  to  be  similar  in  their  distri¬ 
butions  of  flight  data. 


The  favorable  comparison  of  the  two  sample  sets  is  evidenced  by  the  similar 
contrasts  of  these  percentages  with  those  previously  prescribed  as  a  guide  for  the 
expected  distributions  of  tne  AH-lG  flight  time  among  the  four  mission  segments. 

Figure  4  shows  the  comparison  of  the  operational  data  with  the  fatigue  sprectra.  The 
largest  discrepancy  is  in  the  maneuver  and  steady-state  segments.  The  differences  are 
ascribed  to  the  fact  that  the  anticipated  sustained  cruise  to  and  from  the  target  area 
was  higher  than  that  actually  measured  in  the  data  of  most  of  the  flights.  The  actual 
combat  data  revealed  that  the  AH-IGs,  while  enroute  to  and  from  target  areas,  frequently 
left  cruise  altitudes  with  abrupt  ascents  and  descents  for  apparent  searches  of  enemy 
activity.  Some  of  these  departures  were  weapon  passes;  others  were  sufficiently 
pronounced  in  parameter  changes  to  be  also  classified  in  the  maneuver  segment. 


The  flight  measured  airspeed  spectrum  for  the  AH-lG  helicopter  is  shown  in  Figure  8, 
from  Reference  15,  with  the  corresponding  fatigue  spectrum  data  used  to  estimate 
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Figure  8.  AH-lG  Cumulative  Frequency  Distributions  for  Gross  Weight,  Altitude, 
Rotor  Speed,  Vertical  Load  Factor  and  Airspeed. 
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preliminary  service  lives  and  the  .airspeed  portion  of  the  CAM-6  spectrum.  This 
comparison  shows  that  agreement  is  not  very  good.  The  flight  measured  data  shows 
considerably  higher  percentages  of  total  mission  time  spent  at  low  airspeed  values  than 
predicted  by  either  of  the  empirical  spectra.  If  it  is  assumed  that  the  majority  of 
component  fatigue  damage  occurs  at  higher  airspeeds ,  the  AH-1G  fatigue  and  CAM-6  spectra 
are  conservative  since  both  predict  higher  percentages  of  time  at  the  high  airspeed 
values  than  were  actually  recorded. 

Plight  altitudes  as  high  as  15,000  feet  were  recorded,  although  the  percentage  of 
mission  time  spent  above  JO, 000  feet  was  insignificant.  Over  99  percent  of  the  AH-1G 
total  mission  time  was  spent  at  altitudes  of  8000  feet  or  leus  while  82  percent  of  the 
time  was  spent  at  altitudes  between  1000  and  4000  feet. 

The  gross  weight  frequency  distribution  shows  that  the  slope  of  the  total  mission 
curve  is  essentially  constant  at  gross  weight  ratios  greater  than  0.875.  This  indicates 
that  the  percentage  of  time  spent  within  gross  weight  ratio  intervals  of  equal  magnitude 
did  not  vary  throughout  the  range  of  values  0.875  to  1.0.  The  total  range  of  normalized 
rotor  speed  values  was  between  0.95  and  1.0  for  over  95  percent  of  the  total  mission 
time. 

0H-6A  Cavuse 

The  OH-6A  is  an  all-metal,  single-engine  helicopter.  It  is  powered  by  a  turbine 
engine  driving  a  four-bladed  main  rotor  and  a  tail-mounted  antitorque  rotor  through  a 
two-stage,  speed  reduction  transmission.  The  aircraft  is  equipped  with  shock-absorbing 
landing  sJcids.  It  has  a  design  gross  weight  of  2400  pounds,  primarily  an  observation 
aircraft,  it  is  capable  of  carrying  pilot  and  three  passengers,  cargo,  or  armament 
subsystem.  Two  major  configurations  were  observed  during  the  recording  period  in 
SEA:  the  "lead  ship",  identified  by  a  pilot  and  two  gunners  each  with  an  M  60  machine 
gun,  and  the  "wing  ship",  identified  by  a  pilot  and  one  gunner  with  an  XM  27  minigun 
mounted  on  the  left  side.  The  Four  Mission  segment  technique  was  used  to  analyze  the 
216  hours  of  data  that  were  recorded  in  SEA. 

Figure  4  presents  the  percentage  of  the  total  time  in  each  mission  segment  and 
compares  it  against  the  contractor's  original  design  profile  for  the  OH-6A  which  wa3 
CAM-6.  The  primary  differences  are  in  the  maneuver  and  steady-3tate  segments.  Only  the 
ascent  and  descent  segments  show  any  degree  of  correlation.  Comparing  the  OH-6A  flight 
measured  distribution  with  that  obtained  for  the  AH-1G,  it  is  seen  that  they  are  very 
similar.  Both  the  AH-1G  and  the  011-6A  are  armed,  relatively  lightweight  helicopters 
used  in  ground  support  operations  during  combat.  It  would  therefore  be  expected  that 
the  character  of  their  flight  spectra,  in  general,  would  be  similar.  The  highest  per¬ 
centages  of  the  total  time  were  spent  in  the  maneuver  segment  and  vary  only  by  approxi¬ 
mately  3  percent  between  the  two  ships.  Variations  in  the  ascent  and  descent  segments 
are  approximately  4  percent,  while  the  variation  in  the  steady-3tate  segment  for  the 
AH-1G  and  the  OH-6A  suggests  that  even  though  the  general  flight  spectra  characteristics 
are  similar,  they  exhibit  sufficient  individuality  to  preclude  using  the  flight  spectrum 
of  one  to  determine  the  component  fatigue  lives  of  the  other.  Since  the  flight  loads 
associated  with  maneuvers  are,  n  general,  higher  than  those  associated  with  steady- 
state  flying,  calculated  component  service  lives  established  from  each  of  these  two 
helicopters  could  be  higher  than  field  experience  justifies. 

Figure  9  presents  flight  measured  cumulative  frequency  distributions  for  airspeed, 
gross  weight,  altitude,  rotor  speed,  torque,  and  vertical  load  factor  for  the  OH-6A. 

The  0H-6A  flight  measured  airspeed  data  do  not  correlate  closely  with  the  respective 
fatigue  spectra.  The  flight  measured  data  show  considerably  higher  percentages  of  total 
mission  time  spent  at  the  low  airspeed  values  than  predicted  by  the  empirical  spectra. 
This  same  trend  occurred  with  the  AH-1G  SEA  flight  measured  data.  If  it  is  assumed  that 
the  majority  of  component  fatigue  damage  occurs  at  the  higher  airspeeds,  then  the  AH-1G 
and  OH-6A  design  fatigue  spectra  should  be  conservative  with  regard  to  the  airspeed 
parameter. 

Over  27  percent  of  the  OH-6A  total  mission  time  is  above  the  design  normal  gross 
weight;  however,  very  little  time  is  at  gross  weights  in  excess  of  the  design  maximum 
value. 

Flight  altitudes  as  high  as  10,000  feet  were  recorded,  but  the  percentages  of 
total  mission  time  spent  above  8,000  feet  were  insignificant.  The  bulk  of  the  total 
time,  92  percent,  was  spent  at  the  lower  altitudes  between  1,000  and  4,000  feet. 

The  range  of  0H-6A  normalized  rotor  speed  values  was  between  0.98  and  1.05  for 
over  95  percent  of  the  total  mission  time.  A  large  majority  of  the  total  mission  time, 
97  percent,  is  spent  above  the  1.0  normalized  rotor  speed  value.  The  OH-6A  flight 
manual  states  tvat  continuous  operation  at  rotor  speeds  up  to  103  percent  is  permitted. 
From  the  figure  it  is  seen  that  the  0H-6A  was  operated  at  rotor  speeds  above  the  103 
percent  value  during  40  percent  of  the  total  mission  time.  Thus,  the  aircraft  was 
operated  during  a  significant  percentage  of  its  total  mission  time  at  rotor  speeds 
exceeding  the  flight  manual  recommended  limits. 

Engine  torque  values  were  concentrated  toward  the  high  and  of  the  torque  range. 
Values  up  to  113  percent  of  maximum  were  experienced  for  very  short  periods:  however.  73 
percent  of  the  total  time  was  spent  at  torque  values  from  60  to  90  percent  of  the 
maximum  allowable. 
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The  total  incident  of  positive  and  negative  load  factors  is  approximately  equal. 
As  with  other  helicopters,  the  incident  of  gust-induced  vertical  luhd  factor  peaks  is 
much  smaller  than  it  is  for  the  maneuver  induced  vertical  load  factor  peak  and  has 
little  influence  on  the  exceedance  curve  characterictics.  Although  not  shown  in  the 
figure,  the  highest  positive  vertical  load  factor  peaks  were  experienced  at  airspeeds 
from  70  to  75  knots  (60-64  percent  V^)j  the  highest  negative  vertico-  peaks  were 
experienced  at  airspeeds  from  60  to  85  knots.  Comparisons  have  been  made  to  vertical 
load  factor  spectra  from  a  survey  made  on  the  0H-6A  during  simulated  combat  operations 
in  the  USA.  The  0H-6A  in  SEA  experienced  both  higher  incidences  and  higher  magnitudes 
of  positive  vertical  load  factor  peaks  and  a  lower  incidence  of  negative  vertical  load 
factors  peaks  than  0H-6A  in  USA  operations . 
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Strain  gages  were  used  to  measure  blade  bending  moments  and  strain  in  mechanical 
components  such  as  the  rotor  shaft,  pitch  links,  and  blade  grip.  The  blade  was  strain 
gaged  at  ten  radial  stations  providing  complete  distributions  of  beam  bending,  chord 
bending,  and  torsion  along  the  blade  radius;  110  rotating  pressure  transducers  along  the 
radius  provide  forces  and  moments  experienced  by  the  rotor.  In  addition,  35  accelerome- 
ters  were  installed  at  various  locations  on  the  fuselage,  rotor  blades,  and  pylon.  This 
data  base  thus  provides  the  unique  ability  to  see  complete  maps  of  rotor  loads  and 
'  simultaneous  loads  at  other  key  locations  on  the  helicopter  airframe  and  control  system 

'  while  the  helicopter  wus  performing  operational  manuevers.  The  loads  in  the  various 

components  of  the  aircraft  can  be  related  to  the  manuevers,  which  may  lead  to  a  better 

I  understanding  of  load  spectrum  definition  and  application. 

A  portion  of  this  flight  test  was  devoted  to  flying  a  spectrum  derived  for  NOE 
operations.  The  purpose  of  this  NOE  data  acquisition  and  analysis  was  to  determine  if 
the  published  recommended  fatigue  lives  were  reduced  by  NOE  operations.  The  NOE  loads 
were  compared  to  the  existing  TOW  missile  and  in  ground  effect  (IGE)  manuever  loads 
obtained  from  the  AH-1F/S  qualification  loads  surveys.  All  of  the  measured  dynamic 
parameters  were  reviewed  and  the  NOE  loads  compared  favorably  with  the  published 
'  values.  As  a  result,  it  can  be  concluded  that  the  NOE  operation,  as  outlined  in  this 

program,  does  not  reduce  the  published  retirement  lives  on  the  dynamic  components  of  the 
AH-1G  helicopter. 

The  OLS  data  base  has  also  provided  the  opportunity  to  conduct  detailed  correlation 
of  the  experimental  test  data  with  various  helicopter  computer  simulations.  The 
accuracy  and  limitations  of  the  analytical  models  have  been  and  are  continuing  to  be 
evaluated  in  order  to  provide  the  analyst  with  confidence  in  his  ability  to  predict 
loading  conditions.  Illustrations  of  these  correlations  are  provided  in  Figures  10  and 
11. 
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Figure  11.  Radial  Comparison  of  Measured  and  Computer  Blade  Beam  Bending 
Moments  at  8C  Degrees  Azimuth 

MISSION  PROFILES 

The  Reference  2S  study  develcoed  a  standard  mission  profile  for  all  classes  of 
helicopters.  The  profile  is  comprised  of  six  mission  segments,  with  each  segment  con¬ 
taining  basic  (and  ground)  conditions  under  Which  the  helicopter  would  be  expected  to 
operate.  Each  basic  condition  may  encompass  several  detailed  flight  conditions.  For 
example,  the  turn  condition  which  appears  in  segments  2  through  6  may  encompass  right, 
lete,  S,  and  steep  turns  with  varying  rates  of  entry  and  recovery.  A  main  distinction 
of  the  segments,  compared  to  those  used  in  the  measureme  _  programs,  is  that  they  do  not 
include  a  separate  maneuver  segment.  This  was  done  a  recognition  of  the  fact  that 
maneuvers  occur  ir.  all  phases  of  flight. 

Mission  profiles  were  developed  for  six  helicopter  types,  based  upon  measured  data 
from  operational  usage  programs.  The  profiles  for  four  aircraft  types  are  presented  in 
Table  2  and  compared  to  profiles  from  CAM-6,  AMCP  706-203.  and  AR-56.  The  profiles 
presented  from  the  specifications  were  not  to  the  same  format  as  in  the  table. 

Therefore,  the  basic  conditions  of  the  three  specification  profiles  were  broken  down 
into  conditions  compatible  with  the  developed  profiles. 

Ground  Operaf  ons i  The  percentage  values  assigned  to  ground  operations  in  the 
developed  profiles  ure  greater  than  those  from  AR-56  rnd  CAK-6.  The  specification 
profiles  consider  ground  conditions  very  generally,  and  it  was  difficult  to  establish 
precisely  what  was  classified  ac  a  ground  condition.  When  the  percentage  values 
assigned  to  ground  conditions  were  adapted  to  the  standard  profile  format,  the  time 
percentages  for  sprcific  conditions  seemed  low,  especially  when  connected  to  units  of 
flight  time. 

Takeoff.  Landing,  and  Low-Speed  Flight:  The  developad  pnt,  i  .J  compare  reasonable 
well  with  cam— o  ana  AMCP  /ot-2U3.  However,  values  from  AR-56  ai  i  consiaerably  higher, 
particula  ly  for  the  utility-  and  attack-type  helicopters.  The  major  contributor  to  the 
differences  aj seals  to  be  the  values  assigned  to  steady  hover.  In  many  helicopter 
operations  steady  hover  is  a  momentary  flight  condition  occurring  prior  to  the  tran¬ 
sition  from  takeoff  to  forward  flight.  The  exceptions  are  helicopters  involved  in  load 
lifting  operations  (crane)  and  stationary  weapons  delivery  (attack).  In  the  case  of  the 
attack  helicopter,  the  derived  profile  was  predominant!”  from  SLA  operations  in  which 
the  operational  tactics  were  unique  to  that  theater  and  did  not  include  mission  assign¬ 
ments,  such  as  an  anti  .ank  mission  which  would  increase  hover  time  to  be  more  commen¬ 
surate  with  specification  percentages. 

Ascent  Conditions!  The  developed  profiles  contain  -d  mor>.  time  allotted  o  this 
condition  than  specification  profiles.  Operational  reports  supported  this. 

Forward  Flight  Conditions!  The  specification  end  developed  profile,  werall 
compare  closely  for  this  segment,  rhe  develop -d  profiles  do  show  less  ti  .e  in  steady 
level  flight,  transient  conditions  of  acceleration  and  deceleration,  and  yawed  flignt 
and  more  time  in  turns  than  the  specification  profiles. 
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Descent  Conditions:  The  overall  percentage  tiroes  are  comparable  between  the 
referenced  ai.d  developed  profiles. 

Autorotation:  With  the  exception  of  CAM-6,  the  percentage  of  occurrence  values  for 
the  autorotation  mission  segment  for  all  the  profiles  compared  quite  closely. 

Dif *-ribution  o:  load  factor  with  airspeed,  gross  weight,  and  altitude  was  alrc 
constructed  for  each  developed  profile. 


TABLE  2.  Mission  Profile  Comparison 


1 - 

AMCP 

Utility 

Attack 

Crane 

Transport  1 

l  Condition 

CAM-6  706*203 

AR-56  Derived 

AR-56  Derived 

AK-56  Derived 

AR-56  thrived  1 

1  GROUND  OPERA  HONS 


A,  Sta  rtup 

0.  10 

2  59 

0  10 

0,50 

0  10 

0  50 

B  Shutdown 

0  10 

1.  29  ' 

0.  10 

0  50 

0.  10 

0  50 

C  Ground  run 

v.  28 

2.92 

0  20 

2  00 

0.20 

2.00 

D.  Taxi 

0  48 

1  00 

0  48 

1  00 

0  46 

1  00 

0  96 

7  80 

0.88 

4  00 

0,88 

4  00 

TAKEO.  F/ LANDING/ LOW-SPEED 

FLIGHT  (<40  knot*) 

A.  Vertical  liftoff 

0.88 

0.40 

0.58 

1  58 

0  58 

0  22 

B.  Rolling  takeoff 

0.40 

0  26 

0  40 

0 

0.40 

0  27 

C  Vertical  landing 

1.  35 

0  *0 

0  80 

1  58 

0  60 

0  22 

D.  Slide-on  landing 

1.  34 

0  II 

0  20 

0 

0  20 

0  27 

L  Hover  (steady) 

0  45 

3.  45 

8  80 

2.61 

4.48 

C  69 

F  Hover  control  rewisal* 

1  24 

0  07 

0.  73 

0  31 

0.29 

0.25 

C.  Hover  turn* 

0  20 

0  13 

1  47 

0  31 

0  59 

0.25 

11  Pop-ups 

**  03 

• 

- 

0 

0  02 

0  48 

I  Sideward  flight 

0  48 

0  10 

0.88 

0.31 

0.88 

0.25 

J,  Rearward  flight 

0  48 

0.03 

0  44 

0  16 

0  44 

0  13 

K  l<ow.»peed  forward  flight  (sir  taxi) 

1  70 

S  00 

4  40 

2  78 

2  20 

2.77 

1.  Flare 

1  43 

0  52 

0  80 

l  50 

0  80 

0  46 

M.  Vertical  c  limb 

0  50 

0  40 

1  32 

0  42 

1  32 

0  69 

N  Vertical  deacent 

0.  50 

0  50 

0  80 

0  42 

0  80 

0  69 

O.  Low-speed  turn* 

0  70 

0  43 

1  10 

0  74 

2  ''O 

J>__87 

II  68 

II  90 

22  U 

12  92 

15  80 

8  53 

ASCENT  040  knot*) 

A  Steady-state  climb 

5.20 

4  00 

2  20 

9  00 

2  20 

3  66 

B.  Turn* 

2  00 

0  40 

1  10 

2  32 

2  00 

4  34 

C.  Pushover* 

0  20 

0  05 

. 

0  3* 

1  16 

FORWARD  FLIGHT  <>40  Knot*) 

7  40 

4.45 

3  30 

II  66 

4  20 

9  16 

A  Level  flight  (40.  60.  80,  100%  Vtl) 

51.40 

62  81 

56  85 

39  02 

57.  76 

33.  40 

B.  "urn* 

3.00 

1.38 

1  10 

9  91 

2  05 

II  65 

C  Control  reversals 

1  44 

0  06 

0  59 

1  27 

1  47 

0  63 

R,  Pull-ups 

0  95 

0.  30 

0  18 

0  25 

0  37 

2  85 

E.  Pushovers 

0  75 

0  12 

- 

0  03 

- 

2  85 

F.  Deceleration 

2  83 

1  50 

0. 46 

2.55 

0  46 

2  *5 

G  Acceleration 

4  59 

1.62 

1.  10 

2  55 

0  44 

2  t» 

H  Yawed  flight 

»  56 

0.  55 

3  00 

0  34 

3  04 

0  51 

66.52 

68  34 

63  26 

55  92 

65  61 

57  59 

DESCENT  (cower  on.  >40  knots) 

A  Partial  power  descent  (steady  descent) 

1  40 

4.34 

4.  69 

5  26 

4  90 

2  21 

B  Dive  (power  on,  115  percent  Vjj) 

3  00 

1  21 

1  98 

3  50 

2  64 

3  45 

C.  Turns 

1.  50 

0  73 

1  10 

3  31 

2  00 

9  27 

D.  Pull-ups 

0  97 

-0  59 

0  03 

0  m 

0  64 

2  46 

6.85 

6.  87 

8  00 

12  17 

10  18 

17  39 

AUTOROTATION  (cower  off) 

A  Entries  (including  power  chops) 

1  43 

0  02 

0  03 

0  39 

0  07 

0.  39 

B,  Steady  descent 

1  90 

0  05 

0.88 

l.i-l 

I.  76 

1  63 

C.  Turns 

0.  40 

0  04 

0  36 

0  55 

0.66 

0  5f 

D  Power  recovery 

0  46 

0.  5> 

0  03 

0  24 

0  07 

0  24 

E.  Flare  and  landing 

2  38 

0  01 

0.  26 

--  52 

0  26 

0  52 

6.55 

0  64 

1.56 

3  33 

3.04 

3  33 

0.  10 
o.  :o 
0  20 
0  48 
0  8* 

0  58 
0  40 
0  80 
0  20 
14  08 
0  7  3 
I  47 

0.88 
0  44 
J  52 
0  80 
l  76 
0  80 
I  10 
27  56 

4  40 
l  10 

5  50 

50.  17 
I  10 
0  59 
0  18 

0  46 

1  10 

2  64 
*6  24 

4.89 
I  98 
1  10 
0  05 
8  00 

0  0) 
0  88 
0  36 
0  03 
0  26 


0  50 
0  50 
2  00 
__1  00 
4  00 


0.51 
I  24 
0.51 
I  24 
6  18 
C  V/ 
1  V# 
0 

0  8 ' 
0  61 

1  12 
0  5) 

2  24 
2  24 
0  61 

20  89 

9.91 
0  65 

_0 _ 

10  56 

47.  58 
3.02 
0  10 
0  05 
0 

0  30 
0  30 
0  08 
51  43 

9  10 
0  05 
0  61 
0  03 
9  79 

0  39 
1  63 
0  55 
0  24 
0  52 


0  10 
0  10 
0  20 

0  48 
0  88 

0  58 
0  40 

3  «0 
0  70 

10  56 
0  7) 
(  47 

0  87 
0  44 

4  40 
0  80 
I  32 
0  80 

1  10 
24.48 

2  20 
I  10 


0  50 
0  50 
2  00 
1  f  ' 
4  0U 


0. 66 
I  53 
0  66 
1  53 

3  52 
0  43 

1  U 
0 

0  43 
0  23 

4  75 

2  45 
0  29 
0  29 
1  22 

19  21 

9  83 
0  99 


3  30  10  82 


55  19 

1  JO 
0  59 
0  18 

0  46 
1  10 

2  90 
61  52 

4  «■» 
J  98 
1  10 
0  03 
6  00 

0  03 
0  88 
-  36 


46  28 
3  43 

1  51 
0  10 
0  01 
0 

0 

0  10 
51  43 

7  *>7 

2  12 
I  09 

.0  03 

:i  at 

0  3  < 
I  63 
0  55 
0  24 
0  52 
3  33 


1  56  3  33 
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PEAK  PARAMETER  COMPARISONS 

Table  3  presents  peak  parameter  \alues  recorded  in  select  operational  measurement 
programs  for  attack,  observation,  crane,  and  transport  helicopter  types.  For  compara¬ 
tive  purposes,  peak  values  are  also  presented  from  the  structural  design  criteria  for 
each  helicopter.  Except  for  the  cargo  helicopter,  all  measurement  programs  are 
exclusively  from  SEA  operations;  the  cargo  helicopter  included  both  USA  and  SEA  opera¬ 
tions.  Except  for  a  few  specific  peak  loads,  only  approximate  peak  values  could  be 
derived,  since  most  of  the  recorded  points  represented  ranges  of  the  measured  parameter, 
making  it  impossible  to  establish  the  exact  peak  value  within  the  range. 

TABLE  3.  Peak  Value  Comparison  -  Design  vs.  Operations  Data 


BB2ZE3I 

CRANI  | 

TRANSPORT 

PARAMETER 

m§ 

mm 

Irnlll 

OCSIfiR 

ipiii 

rum 

MSICM 

mi*. 

nom 

•Pit*' 

mm 

AIRSPEED,  KNOTS 

222 

18* 

'30  V„ 

124-130 

I26.5VJ 

132 

- 

- 

VERTICAL  ACCEL,  l 

POSITIVE 

2.43 

2  40 

2.55 

2.20-2.40 

2.26 

1.5" 

I88|m*!i 

2.70 

1.70 

NEGATIVE 

-0.50 

0.10 

•0.50 

0.0-0.20 

-0.50 

0.50 

-3.50 

0.20 

ENGINE  TORQUE 
PRESSURE,  PSI 

02.5 

50-70 

80.3 

80-30 

_ 

_ 

_ 

RPM 

MAXIMUM 

358 

351 

514 

430 

204 

203 

- 

- 

MINIMUM 

294 

470 

440 

- 

- 

- 

- 

GROSS  WEIGHT,  LB 

9.500 

9,522 

2,400 

-2,800 

42,000 

44,009 

1 

- 

Of  the  maximum  one-time  values  measured  for  the  AH-1G  attack  helicopter,  the  gross 
weight  exceeded  the  value  specified  in  the  structural  design  criteria  report,  but  by  an 
insignificant  amount.  Pilots  and  observers  in  SEA  report  that  the  AH-IGs  frequently 
took  off  with  the  maximum  liftable  weight.  Because  of  the  higher  temperatures  in  this 
operational  theater  and  the  associated  adverse  effect  on  helicopter  power,  there  was 
little  opportunity  to  seriously  overload  the  aircraft.  Such  may  not  be  the  case, 
however,  in  a  cooler  environment.  The  maximum  value  for  engine  torque  recorded  was 
greater  than  60  and  less  than  70  psi,  thus  possibly  exceeding  the  62.5  psi  structural 
design  criteria  value.  Based  on  other  recorded  parameters  during  this  occurrence,  the 
most  probable  event  was  the  requirement  to  take  off  over  an  obstacle  under  conditions 
requiring  high  power. 

The  OH-6A  observation  helicopter  measured  peak  parameter  values  exceeded  the  design 
criteria  maximums  in  gross  weight  and  possibly  engine  torque. 

For  the  CH-54A  crane  helicopter,  the  maximum  recorded  airspeed  was  approximately 
120  knots  indicated.  For  a  density  altitude  of  5,000  feet  at  which  this  airspeed  was 
measured,  the  equivalent  true  airspeed  would  be  132  knots,  which  exceeds  the  limit  dive 
speed  of  126.5  knots.  The  maximum  recorded  gross  weight  during  SEA  operations  was 
44,003  pounds  which  exceeded  the  basic  design  gross  weight  by  o.er  2, COO  pounds.  Field 
studies  conducted  in  SEA  indicated  that,  during  certain  operations,  more  than  30  percent 
of  the  sorties  were  flown  at  gross  weights  in  excers  of  the  design  values.  Overload 
gross  weights  were  rarely  flown  at  speeds  higher  than  60  to  70  knots  or  at  load  factors 
greater  than  1.0  ±.2g.  This  practice  of  flying  at  overload  gross  weights, . although 
possible  on  the  basis  of  static  strength,  may  have  produced  flapping,  power,  or  control 
requirements  approaching  fatigue  damaging  levels . 

The  only  peak  value  comparison  made  for  the  CH-47A  transport  helicopter  was 
vertical  load  factor  wherein  the  peak  measured  value  was  considerably  below  the  design 
limit Nload  value.  Reference  19  cautions  against  concluding  that  a  lower  design  load 
factor  value  is  appropriate  because  of  the  uncertainty  of  adequacy  of  the  data  sample  to 
}  represent  long  time  exposure  of  a  full  fleet  of  aircraft.  The  maximum  (or  minimum) 

,  values  recorded  during  a  relatively  small  usage  monitoring  period  involved  in  data 

,  acquisition  are  related  to  the  probability  of  occurrence  of  greater  values  over  a  period 

more  representative  of  a  fleet's  service  life.  References  17,  19,  and  20  suggest 
£  extrapolation  of  load  factor  exceedance  curves,  as  well  as  exceedance  curves  for  other 

’  parameters,  as  a  practical  approach  for  extending  the  load  factor  data  key  and  sample 

i  time.  With  this  extrapolation,  design  values  will  be  mere  closely  approached  and  in 

•  some  instance 7  possibly  exceeded.  An  obvious  issue  is  how  far  to  extrapolate  to 


% 
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represent  fleet  usage,  yet  at  the  same  time  keep  the  extrapolation  valid.  Reference  19 
indicates  that  the  design  load  factor  for  the  CH-47A  was  based  on  the  thrust  capability 
of  the  rotors.  The  demonstrated  load  factors  on  the  CH-47  models  were  the  extremes  that 
the  pilot  could  attain  for  the  required  demonstrations.  Therefore,  if  the  required 
demonstrations  were  properly  chosen  and  demonstrated,  it  should  not  be  possible  for  a 
fleet  pilot  to  exceed  the  deivonstration  values.  This  reasoning  leads  to  the  conclusion 
thj_  in  the  case  of  load  factor,  the  extrapolated  value  should  become  asymptotic  to  the 
demonstrated  value. 

MONITORING  SySTEKS  OF  FATIGUE  DAMAGE  TO  HELICOPTER  COMPONENTS 

As  data  from  operational  usage  measurement  programs  became  available,  it  became 
desirable  to  compare  them  to  the  usage  spectra  to  which  the  helicopter  was  originally 
designed  and  to  ultimately  assess  the  import  of  any  differences  on  the  fatigue  lives  of 
flight-critical  structural  components.  To  this  end,  several  studies  were  conducted.  In 
References  1  through  5  the  four  mission  segment  breakdowns  from  the  usage  measurement 
programs  were  restructured  into  specific  flight  regimes  such  as  ground,  hover,  takeoff 
maneuvers,  sideward  and  rearward  flight,  and  gust.  In  that  the  four  segment  breakdown 
did  not  provide  enough  information  to  derive  specific  conditions.  The  contractor  had  to 
make  judgmental  decisions  based  on  existing  profiles  and  company  experience  with  the 
aircraft  as  well  as  others  in  its, class. 

Recognizing  this  difficulty  in  using  the  existing  measured  data  from  service  usage 
programs  for  detailed  fatigue  analysis  of  structural  components,  the  US  Army  had  the 
Reference  21  study  conducted  in  1973  to  investigate  methods  for  monitoring  and  recording 
the  in-flight  operation  of  helicopters  for  specifically  assessing  fatigue  damage  to 
their  structures.  Four  concepts  for  in-flight  aircraft  monitoring  were  considered: 
flight  condition  monitoring  (FCM),  component  load  monitoring  (C1M),  direct  monitoring 
(DM),  and  mission  type  monitoring  (MTM) . 

FCM  involves  recording  flight  parameters  to  identify  flight  conditions  such  as 
hover,  forward  level  flight,  and  turns;  these  conditions  form  the  basis  for  fatigue 
damage  assessment.  Similar  to  most  manufacturers'  fatigue  analysis,  where  damage  is 
assigned  to  various  flight  conditions  of  a  design  spectrum,  the  fatigue  analysis  with 
FCM  is  based  on  the  actual  flight  time  spent  in  various  flight  conditions.  The  fatigue 
deimage  assessment  is  based  upon  a  deimage  rate  per  unit  of  time  for  each  selected  flight 
condition:  that  is, 

D(I)  «  C(I)  x  T(I) 

where  D  =  damage  for  a  given  flight  condition 

C  =  damage  rate  for  a  given  flight  condition 
T  =  total  time  spent  in  a  given  flight  condition 

Therefore,  in  comparison  to  the  classical  method  of  computing  fatigue  damage  where 
applied  cycles  (n)  of  specific  load  levels  are  compared  with  the  corresponding  number  of 
cycles  to  failure  (N),  the  FCM  concept  it  based  on  the  assumption  that  the  actual  time 
spent  in  a  flight  condition  can  be  used  to  identify  the  applied  cycles  and  that  the 
number  of  cycles  to  failure  can  be  established  for  the  flight  condition. 

CIM  involves  recording  component  loads  either  directly  or  indirectly  and  using  these 
loads  to  assess  fatigue  damage.  This  method  of  assessing  fatigue  damage  is  comparable 
to  the  manufacturer's  analysis  where  component  loads  are  related  to  various  flight 
conditions.  In  the  CLM  concept,  however,  the  recorded  loads  need  not  be  associated  with 
flight  conditions  since  the  loads  are  recorded  on  a  real-time  basis.  Like  the  FCM,  the 
CLK  records  elapsed  time  within  a  specified  range  of  the  component  load.  Consequently, 
the  fatigue  damage  is  again  assessed  on  a  rate  basis: 

D(I )  =  C(I)  x  T(I) 

where  D  =  damage  for  a  given  load  range 

C  =  damage  rate  for  the  given  load  range 
T  =  elapsed  time  spent  in  the  load  range 

This  damage  assessment  is  similar  to  the  classical  method  of  computing  fatigue  damage. 
The  applied  cycles  (n)  of  the  loads  in  the  range  are  derived  from  T(I)  and  the  damage 
rate  (1/N)  is  conservatively  based  on  the  maximum  load  in  the  load  range.  Ideally,  tne 
monitored  loads  would  be  the  critical  loads  of  the  fatigue-critical  components.  This, 
however,  results  in  costly  and  complex  instrumentation  requirements:  slip  rings, 
multiplexing  equipment,  and  circuitry.  A  compromise  to  these  requirements  is  expressing 
the  loads  on  the  dynamic  components  on  the  helicopter  rotor  system  as  a  linear  function 
of  the  loads  in  the  stationary  control  system. 

The  DM  method  uses  data  gathered  on  various  fa  .igue-related  phenomena  to  assess 
fatigue  damage .  The  phenomena  include  the  change  in  metal  conductivity  due  to  cold 
working,  ths  acoustical  emission  of  materials  under  stress,  and  the  change  in  magnetic 
field  strength  as  a  result  of  fatigue  loads.  Unlike  the  FCM  and  CIU  methods,  DM  empiri¬ 
cally  associates  the  monitored  data  with  the  accrued  fatigue  damage.  This  association 
would  be  determined  through  tests  of  full-scale  components  measuring  both  the  monitored 
data  and  the  accrued  component  fatigue  damage.  From  these  tests,  the  criteria  for 
retirement  lift  projection  and  component  removal  would  be  established  in  terms  of  the 
monitored  data. 


MTM  involves  tracking  each  helicopter's  functional  mission  assignment  which  is  used 
to  assess  the  fatigue  damage  to  the  critical  structural  components.  These  mission 
assignments  are  part  of  the  Army's  maintenance  reporting  system  and  typically  include 
direct  combat  training,  direct  combat  support,  aeromedical,  flight  training,  and 
technical  operations  and  maintenance  training.  The  fatigue  damage  of  the  structural 
component  is  assessed  according  to  the  flight  time  spent  by  the  aircraft  in  each  func¬ 
tional  assignment.  The  damage  would  be  assessed  similarly  as  in  the  FCM  method,  i.e., 
computed  as  the  product  of  flight  time  and  a  theoretical  damage  rate  for  the  functional 
assignment  under  consideration.  Damage  assessment  with  this  method  requires  that  a 
theoretical  damage  rate  be  determined  for  each  functional  assignment.  Determination  of 
the  damage  rate  requires  such  information  as  the  definition  of  typical  mission  profiles, 
the  frequency  of  occurrence  of  flight  conditions  for  the  mission  profiles,  and  the 
corresponding  component  flight  loads  for  each  functional  assignment.  Since  this  infor¬ 
mation  was  not  available,  an  alternative  MTM  method  based  on  a  mission  segment  concept 
was  also  investigated.  This  alternate  concept  assumes  that  the  mission  profile  can  be 
subdivided  into  several  segments  (ascent,  descent,  etc)  and  that  fatigue  damage  to  the 
components  can  be  assessed  for  the  flight  time  spent  in  the  various  mission  segments. 

As  in  the  FCM  method,  the  theoretical  damage  rates  can  be  determined  by  considering  the 
flight  conditions  that  the  mission  segments  would  include.  Each  of  the  MTM  methods  has 
its  advantages.  The  functional  assignment  technique  is  an  extremely  simple  monitoring 
method  that  could  easily  be  incorporated  into  the  Army's  maintenance  reporting  system. 

The  disadvantage  is  the  difficulty  in  identifying  of  the  theoretical  damage  rates  for 
the  functional  assignments.  The  alternate  method  would  be  more  complex,  requiring  an 
onboard  recorder,  but  would  provide  better  information  for  fatigue  damage  assessment. 

Each  of  the  four  monitoring  concepts  was  evaluated  for  technical  acceptability  and 
cost  effectiveness  for  a  UH-1H  utility  and  a  CH-47C  cargo  helicopter.  Results  indicated 
that  FCM  is  a  superior  overall  method  for  each  aircraft  type.  This  was  only  true  for 
the  CH-47C  provided  that  the  monitoring  of  gross  weight  becomes  technically  acceptable. 

In  the  past,  reliable  and  accurate  measurements  of  helicopter  gross  weight  had  not  been 
shown  to  be  feasible  in  an  operational  environment.  Although  not  selected,  the  CLM  and 
DM  methods  would  potentially  monitor  fatigue  damage  better  than  the  FCM  or  MTM  methods 
since  the  data  recorded  by  the  former  two  methods  would  be  closely  associated  with  the 
fatigue  phenomenon.  For  the  cm,  the  development  of  transfer  functions  relating 
rotating  component  loads  to  stationary  component  loads  should  be  investigated.  A  flight 
test  program,  where  the  transfer  functions  could  be  derived  empirically,  could  be  used. 

In  the  process  of  providing  flight  condition  data  for  fatigue  analysis,  the  PCM 
method  defines  how  the  helicopter  is  being  used,  thus  providing  insight  into  the  types 
of  operations  resulting  in  the  associated  fatigue  damage  rates.  Such  utilization  data 
establishes  a  useful  base  for  model  changes  and  new  helicopter  system  developments. 

This  method  also  provides  a  more  versatile  operational  data  set  for  uses  other  than 
fatigue  such  as  maintenance  analysis.  Recently,  there  has  been  consideration  of  a 
multifunctional  recorder  system  to  acquire  operational  data  for  fatigue  analysis,  main¬ 
tenance  actions,  and  even  accident  information.  Although  the  data  editing  and  analysis 
for  each  function  would  vary,  the  measured  flight  parameters  would  be  common,  to  a  large 
degree,  for  all  three  functions.  Thus,  an  FCM  concept  for  fatigue  analysis  would  be  the 
best  approach  for  such  a  system. 

As  the  afore  mentioned  monitoring  system  study  concluded,  the  CLM  method  is  a  more 
direct  concept  for  fatigue  analysis  since  it  eliminates  an  intermediate  step  of  load 
definition  for  particular  flight  conditions;  it  also  eliminates  the  need  for  gross 
weight  measurement.  The  CLM  approach  was  investigated  in  a  Canadian  study  for  the 
Boeing  Vertol  CV  113  and  is  currently  under  evaluation  in  a  US  program.  The  major 
drawbacks  of  this  approach  are  the  necessity  for  strain  gages,  which  tend  to  be  easily 
damaged  and  unreliable  in  service  applications,  and  for  slip  rings  if  measurements  must 
be  made  in  the  rotating  system.  These  drawbacks  couJd  be  alleviated  by  developing 
rotating  to  fixed  system  transfer  functions  to  eliminate  slip  ring  requirements,  using 
alternate  rotating  to  fixed  signal  transfer  methods,  and  keeping  the  number  of  gage3  to  o 
minimum. 

Perhaps  the  answer  to  recording  methods  lies  in  an  approach  which  is  a  hybrid  of 
the  FCM  and  Cl/:  concepts.  Parametric  measurements  can  be  made  to  define  operational 
usage  of  interest  and  direct  load  measurements  can  be  taken  on  key  structural  com¬ 
ponents.  With  emerging  onboard  microprocessor  recorder  technology,  this  should  be 
technically  feasible — the  constraint  may,  however,  be  recorder  cost. 

STRUCTURAL  INTEGRITY  RECORDING  SYSTEM 

Based  upon  the  findings  and  recommendations  from  the  fatigue  moni<  oring  feasibility 
study,  the  Army  in  1975  began  developing  a  method  for  tracking  the  accumulation  of 
fatigue  damage  on  critical  helicopter  dynamic  components.  The  Structural  Integrity 
Recording  System  (SIRS),  as  the  system  is  called,  relies  on  a  flight  condition  recogni¬ 
tion  (FCR)  method  for  monitoring  the  variations  in  fleet  utilization  on  a  helicopter-by¬ 
helicopter  basis.  SIRS  is  a  total  system  comprising  an  airborne  microprocessor  based 
recorder,  a  portable  flight  line  retrieval  unit,  and  a  data  processing  package  (see 
Figure  12).  The  recorder  monitors  various  flight  parameters  and  stores  preselected 
types  of  operational  data  within  the  recorder's  solid-state  memory.  Data  are  retrieved 
by  a  portable  flight  line  retrieval  unit  that  transfers  the  recorded  data  onto 
removable,  miniature  computer  compatible  tape  cassettes.  Each  cassette  can  store  the 
average  monthly  operational  data  of  approximately  50  helicopters.  At  a  central  data 
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processing  site,  the  software  system  automatically  processes  and  analyzes  the  data,  and 
then  generates  tailored  reports  that  present  the  usage  and  corresponding  incremental 
fatigue  damage  to  each  component  for  each  monitored  helicopter.  The  SIRS  was  developed 
initially  for  the  AH-1G  helicopter. 


The  FCR  method  of  fatigue  damage  assessment  is  structured  as  follows!  Defined  in 
terms  of  specific  combinations  of  flight  parameter  ranges,  each  flight  condition 
category  (FCC)  represents  one  or  more  flight  conditions.  The  component  damage  due  to 
each  flight  condition  may  be  determined  when  the  loads  during  the  flight  condition,  the 
number  of  flight  occurrences,  and  the  component  fatigue  strength  are  known.  To  ensure 
that  the  damage  rate  for  each  flight  condition  category  is  conservative,  the  maximum 
flight  condition  damage  rate  within  the  given  flight  condition  category  is  chosen.  Then 
the  component  damage  accrued  during  a  given  recording  period  may  be  computed  by  Equation 
(1),  and  the  flight  condition  category  incremental  damage  may  be  summed  to  yield  the 
total  component  damage.  The  total  recorded  time  is  calculated  by  Equation  (2),  and  the 
fatigue  life  is  predicted  by  Equation  (3). 
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where  D  =  total  damage  to  a  component  during 
the  usage  spectrum 

D"  component  damage  accrued  during 
the  kth  flight  condition  category 

C.=  damage  rate  in  kth  flight  con¬ 
dition  category  for  a  particular 
component 

T  =  amount  of  flight  time  spent  in 
kth  flight  condition  category 

Tt=  total  flight  time 

FL=  component  fatigue  life 


Figure  12.  SIRS  Data  Retrieval  and 
Analysis 


m  »  number  of  flight  condition 
categories 


The  FCM  method  of  fatigue  damage  assessment  requires  analyzing  the  manufacturer's 
fatigue  analysis  for  the  helicopter  for  which  the  system  is  to  be  used  to  first  define  a 
technically  feasible  FCM  system  and  then  to  establish  damage  rates  for  each  component  in 
each  flight  condition  category.  After  these  data  have  been  developed  and  substantiated, 
the  selected  flight  parameters  ma  •  monitored  to  assess  the  accrued  fatigue  damage  of 
critical  helicopter  dynamic  compo  .8. 


TABLE  4.  SIRS  Parameters 

•  MEASURED 

PITOT  PRESSURE 
STATIC  PRESSURE 
OUTSIDE  AIR  TEMPERATURE 
TRANSMISSION  LIFT  LINK  STRAIN 
AIRCRAFT  PITCH  AN^LE 
AIRCRAFT  ROLL  ANGLE 
ENGINE  TORQUE  PRESSURE 
MAIN  ROTOR  RPM 
VERTICAL  ACCELERATION  AT  CG 

•  COMPUTED 

PERCENT  VL  AIRSPEED 
PERCENT  VH  AIRSPEED 
DENSITY  ALTITUDE 


The  airborne  recorder  shown  in  Figure  12 
is  made  possible  by  the  application  of  a 
microprocessor  to  provide  a  programmable 
system.  The  microprocessor  monitors  the 
parameters  ir.  Table  4..  When  these  flight 
parameters  fall  in  preset  ranges  or  form 
certain  flight  conditions,  the  micropro¬ 
cessor  accumulates  their  occurrence  or  the 
amount  of  time  associated  with  them  in  the 
recorder  data  storage  memory.  The  flight 
conditions  are  defined  generally  as  various 
combinations  and  sequences  o'"  the  measured 
parameters.  The  SIRS  records,  processes  the 
inputs  from  the  transducers  for  the  moni¬ 
tored  parameters .  Each  input  is  conditioned 
to  a  desired  full-scale  signal  level, 
multiplexed,  and  converted  from  an  analog  to 
a  digital  signal  that  can  be  manipulated  by 
the  micorprocessor  under  program  control. 

The  recorded  data  is  in  three  forms: 

(1)  time  in  various  flight  conditions, 

(2)  i.  mber  of  occurrences  of  other  flight 
conditions,  and  (3)  maxim-,  value  of  some 
input  parameters.  The  recorder  incorporates 
a  Lithium  Organic  Batter  '•  with  a  minimum  of 
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1-year‘s  capacity  to  retain  the  stored  data  when  aircraft  power  is  off.  The  complete 
recoiding  system  installation  weight  is  20.6  pounds.  The  recorder,  including  monitoring 
rack  and  electromagnetic  interference  shielded  connector,  is  17.5  inches  long,  6.5 
inches  wide,  and  10. IS  inches  high. 

SIRS  is  designed  so  that  data  need  be  retrieved  only  once  every  4  to  6  weeks  by  a 
portable,  flight-line  data  retrieval  unit  (RU).  During  transcription  of  recorded  data 
onto  the  miniature  tape  cassette,  the  operator  interacts  with  the  unit.  The  RU  displays 
messages  and  the  operator  communicates  with  the  unit  through  a  keyboard.  The  data 
retrieval,  including  setup,  takes  less  than  5  minutes  and  can  be  performed  on  a  flexible 
schedule.  In  addition  to  data  retrieval,  the  RU  performs  diagnostic  checks  of  the 
recorder  and  transducers.  Z'-.  can  also  be  used  as  a  readout  device  during  transducer 
calibration. 

The  d  :a  retrieval  unit  is  19.1  inches  long,  15.6  inches  wide,  and  9.8  inches  high. 
Containing  its  own  rechargeable  power  system,  the  retrieval  unit  is  housed  in  a  flight 
line  style  container. 

Upon  receiving  the  data  from  the  miniature  cassettes,  the  software  system  first 
performs  an  initial  data  processing  to  verify  the  recorder  operation  and  transducer 
functioning  and  to  review  the  long-term  trend  of  the  transducer  static  readiness,  and 
then  analyzes  the  data.  The  analysis  includes  segregation  of  the  data  by  flight 
condition  categories,  conversion  to  a  100-flight-hour  basis,  and  data  presentation  in 
terms  of  usage  spectrum.  Next,  the  software  system  analyzes  the  data  by  calculating  the 
incremental  fatigue  damage  for  specific  components. 

A  SIRS  recorder  and  transducer  package  was  installed  on  an  AH-1G  at  the  Army 
Aviation  Test  Board,  Fort  Rucker,  Alabama.  In  addition,  a  parallel  oscillograph 
recording  system  was  installed.  The  aircraft  was  then  flown  through  all  the  maneuvers 
in  the  usage  spectrum.  Data  was  processed  from  the  two  systems  and  compared.  Good 
correlation  was  obtained  for  most  of  the  flight  conditions.  Some  requirements  for 
recorder  software  changes  were  identified.  These  changes  were  made  before  the  next 
phase  of  testing.  The  SIRS  was  installed  on  five  aircraft  at  the  Army-Aviation  Center, 
Fort  Rucker,  Alabama.  Active  data  collection  over  a  3-month  period  with  a  total  of  260 
hours  of  fliglt  was  monitored  by  SIRS. 

In  October  1977,  a  follow  on  effort  was  initiated  to  install  five  SIRS  recorders  on 
AH-1S  aircraft.  Software  modifications  were  made  to  adapt  the  system  from  the  G  to  the 
S  COBRA  model.  Hardware  modifications  were  made  to  increase  the  memory  fourfold.  This 
was  done  to  permit  recording  more  data.  A  tri-variant  table  of  lateral  control  posi¬ 
tion,  engine  torque,  and  airspeed  was  attached  to  the  transmission  lift  links  to  measure 
of  aircraft  gross  weight  in  flight.  This  was  in  lieu  of  a  strain-gaged  lift  link  used 
on  the  AH-1G  which  had  been  found  to  be  unreliable  under  field  conditions. 

Several  problems  have  been  identified  during  the  AH-1S  flight  test  program  that 
required  changes  to  the  hardware  and  software  to  provide  a  satisfactory  system.  The 
major  problem  is  the  gross  weight  sensing  system  which  is  also  used  to  detect  lift-off. 
The  piezo-electric  strain  sensoz  is  extremely  sensitive,  as  required  to  measure  the  lift 
link  strain.  However  over  a  period  of  time  in  field  usage,  drift  occurs  which  makes  it 
output  unusable  by  the  recorder.  A  method  of  determining  lift-off  from  a  combination  of 
roll  position  and  engine  torque  has  been  developed  but  not  yet  verified. 

Table  5  presents  the  damages  calculated  for  dyanamic  components  AH-1S  aircraft 
during  a  6-month  period.  The  table  shows  individual  and  total  damage  fractions  for 
seven  components.  The  delta  logbook  hours,  delta  recorder  flight  time  hours,  and  delta 
recorder  ground  time  hours  were  added  for  clarity.  The  three  damage  fraction  columns 
are  labeled  “SIRS",  "RECORDER",  and  "LOG".  The  damage  under  the  "SIRS"  column  results 
from  the  calculations  performed  using  the  recorded  flight  condition  category  items  and 
the  associated  damage  rate  coefficients.  The  damages  under  the  "RECORDER"  column 
represents  the  assumed  damage  based  upon  the  recorded  flight  time  multiplied  by  the 
inverse  of  the  recommended  retirement  life  of  the  component  (i.e.,  the  fractional 
portion  of  the  retirement  life  that  has  been  used  based  upon  recorded  flight  time) .  The 
damage  under  the  "LOG"  column  represents  the  assumed  damage  or  the  fractional  portion  of 
the  retirement  life  used  based  upon  the  logbook  hours. 


TABLE  5.  .Calculated  Component  Damage 


COMPONENT 

SIRS 

RECORDER  HOURS 

LOG  BOOK  HOURS 

MAIN  ROTOR  BLADE 

.07264 

.07392 

.15009 

MAIN  ROTOR  YOKE  EXTENSION 

.00092 

.0246S 

.04335 

MAIN  ROTOR  GRIP 

.00000 

.00815 

.01451 

MAIN  ROTOR  PITCH  HORN 

.00062 

.01231 

.02168 

RETENTION  STRAP  NUT 

.09286 

.03696 

.06504 

SWASHPLATE  DRIVE  LINK 

.00023 

.00739 

.01501 

SKASHPLATE  OUTER  RING 

.00080 

. 0246S 

.0433S 

TAIL  ROTOR  BLADE 

.00000 

.00000 

.00000 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  mission  assignment  of  a  helicopter  is  probably  the  most  influential  factor  in 
establishing  the  character  of  a  flight  spectrum.  The  variability  in  flight  spectra 
obtained  for  operational  helicopters  flying  several  different  mission  assignments 
clearly  demonstrates  this  point. 

Fatigue  mission  profiles  for  structural  component  life  calculations  should  be  based 
on  design  flight  conditions  and  reevaluated  by  conducting  surveys  of  actual  helicopter 
operations. 

SIRS  has  demonstrated  the  effective  use  of  an  onboard  microprocessor  recorder  for 
operational  fatigue  data  measurement. 

Results  from  the  service  usage  programs  and  studies  directed  at  using  these  results 
to  update  design  criteria  and  fatigue  analysis  have  identified  the  following  further 
considerations  for  service  usage  monitoring  the  structural  integrity  recording. 

•  Composite  mission  profile  based  upon  a  complete  cross  section  of  operating 
conditions . 

Additional  assessments  aro  recommended  to  examine  the  need  for  a  weighted  design 
spectrum  tnat  would  encompass  the  full  use  of  a  helicopter  in  US  Army  operations. 
It  would  add  to  overall  accuracy  and  realism  in  helicopter  design.  The  data 
sample  for  creating  this  spectrum  should  include  a  complete  cross  section  of 
operating  conditions  for  different  operational  units  in  various  parts  of  the 
world.  An  operational  mission  profile,  developed  solely  from  one  data  set  such 
»S  SEA,  does  not  provide  the  absolute  design  tool .  Certain  special  and  limiting 
conditions  which  were  prevalent  during  SEA  operations  affected  the  results.  Such 
conditions  may  include  level  of  command  from  which  the  helicopters  are'  deployed, 
mission  assignment,  aircraft  availability,  and  flight  tactics. 

•  Well-defined  discrete  ground  and  flight  regimes. 

The  particular  assessment  needs  for  Waich  the  data  will  be  used  should  be  well 
defined  and  the  measurement  list  and  parameters  tailored  to  meet  the  needs. 
Several  repor<  have  recommended  smaller  increments  and  inclusion  of  data  closer 
to  the  lg  level  and  the  presentation  of  load  factor  data  to  allow  determination 
of  time  at  equal  load  factor  increments. 

•  Meaningful  combinations  of  recorded  data. 

Individual  specific  load  parameters,  such  as  rate  of  climb,  cross-plotted  against 
time  for  each  important  load  parameter  such  as  load  factor,  airspeed,  and  gross 
weight  would  be  valuable  in  better  defining  flight  regimes  and  detailed  flight 
conditions . 


•  Direct  monitoring  of  loads  in  fatigue  critical  components. 

The  availability  of  operational  load  parameters  for  specific  components  would  be 
beneficial  in  establishing  operational  trends.  Valuable  information  would  be 
gained  for  future  main  and  tail  rotor  fatigue  designs  if  data  were  available  for 
main  rotor  blade  flapping,  tail  rotor  flapping,  and  collective. 

•  Maximum  one-time-occurrence  data. 

When  evaluating  the  cause  for  the  limit  of  a  particular  parameter,  it  would  be 
desirable  to  have  the  instantaneous  value  of  all  other  measured  parameters,  or 
even  better,  a  short  time  history  of  the  event.  This  would  aid  in  reconstructing 
the  condition  and  thus  give  credibility  to  the  argument  for  the  cause. 

Acquisition  and  presentation  of  helicopter  operational  data  has  improved  greatly 
since  the  early  efforts  in  the  1950s.  In  spite  of  this  improvement,  a  continuing 
concerted  effort  is  required  to  characterize  the  usage  of  both  mature  and  new  helicop¬ 
ters.  The  latter  have  greater  performance  and  structural  capabilities,  and  new  intended 
usages.  The  need  for  continued  monitoring,  coupled  with  ever-improving  solid-state 
microprocessor  recorder  technology,  lead  to  the  future  prospect  for  meaningful, 
worthwhile  usage  monitoring  efforts. 
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Appendix  -  US  Array  Helicopter  Service  Usage  Programs 
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room  reference 

USAAVLARS 

USAAKkSL  tt-73-15 

liSAMODL  TR-74-45 

UiAAXRCl  TR-7J-5 

USRTL  TX-7S-1 

VSAMOOL  TR-70-51 

0SAAKR0L  TR-74-13 

LOCATION 

Fort  tanning, 

Southeeet  Aale 

Fott  Creely, 

Fott  Creely, 

Fott  AucFfr, 

Southeatt  Aata 

At  Unit  On.  Teree , 

Georgia,  USA 

(Vleteea) 

Alaeka,  USA 

Alaeka,  USA 

Alabama,  USA 

(Vi etnas) 

MISSION 

Coebat  Tretnlnt 

Coebat 

Artie 

Artie 

Hap-of-the-Earth 

Coebat 

Teet 

mart  hcvrs 

aw 

201 

IS 

IS 

14.4 

40* 

21 

trsnvmim  aircraft 

A 

1 

2 

l 

1 

5 

1 

tims  fraki 

Aug  U  -  Hay  45 

Sept  U  -  Hat  72 

Dec  72  -  Apr  71 

Jen  7A  -  Feb  74 

Dec  74  -  Apr  77 

Jul  II  *  Jen  70 

Jutv  7)  -  $«p  75 

lWTRtKtHTATtON! 

O'dllogteph 

Oedllottaph 

OedUoireph 

Ooclllo&reph 

OedlloRterh 

Oscillograph 

A  total  af  )»7 

Recorder 

Recorder 

Recorder 

Recorder 

Recorder 

Recorder 

—tic  tape 

Outside  Mr  Leap 

X 

X 

X 

X 

X 

« 

X 

frtMstt  Altitude 

X 

X 

X 

X 

toj'M  Torque 

X 

X 

X 

X 

Forward  Alrepeed 

X 

X 

X 

X 

Lateral  Airspeed 

Collective  Foeltlon 

X 

X 

X 

X 

Loot.  Cyclic  Foalttoo 

X 

X 

X 

Let .  Cyclic  Feeltloe 

X 

X 

Rudder  Fad  el  Foeltlon 

X 

X 

Tew  Attitude 

X 

Tew  Rate 

X 

PI ten  Rate 
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X 

Roll  Attitude 

Roll  Rate 

X 

X 

X 

X 

X 

tty  at  03 

X 

X 

X 

X 

X 

Rt  et  CC 
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X 

X 

X 

Ny  et  Tell 

Mein  Rotor  Speec 

X 

X 

X 

X 

X 

txheust  Cee  Te»y 

He  ad  tet 

HR  Chord  Rending 

X 

X 

X 

Hr  lean  Rend  to* 

X 

“ff  - 

X 

Dret  Rrece  Load 

X 

Seleaore  Unk  load 

loot.  Rooet  Tube  Load 

Let,  Rooet  Tube  Load 

Coll.  Rooet  Tube  Load 

HI  Aa  touch 

X 

Tt  Aalouth 

X 

X 

X 

X 

X 

X 

X 

Indicated  Airspeed 

Sonic  Altitude 

T*  Shaft  Torque 

X 

X 

CH-47A 

CH-47A 

CH-47A 

CH-54A 

CH-54A 

OK-4A 

r ROC RAH 

Might  Load*  lnve* 

CH-54A  Skyerane 

mtht  Loads  tnvea- 

Flight  Loads  laves* 

tlt«tlon  of  Coebat 

Helicopter  Fllf>t 

ligation  of  CH-5*A 

gallon  Frogra* 

Areed  4  Areored 

Load*  Investl- 

Helicopters  Op* rat- 

Helicopter*  Operet- 

0*.*47  rpetatlnt  to 

tetfon  Frogree 

lng  in  Southeast 

las  in  Southeeet 
Aale 

Southeatt  Aale 

Asia 

RIFOIT  RtFtRtSCT 

USAAVLARS  TR-40-4* 

USAAVLARS  TR-41-2 

USAAVLARS  TR-4%-1 

USAAVLARS  TR-4R-S8 

USAAVLARS  TR*70-73 

USAAKRil  TR-71-bO 

Fott  Vnnloj, 

Southeeet  Aale 

South***!  Aale 

Fott  Renolng, 

Southeast  Asia 

Southeast  Asia 

Ceortle,  USA 

H1SS10M 

Car jo  4  Tr ana port 

Catgo  4  Treneport 

Aerial  Fite  Sup¬ 
port  4  Reconnelt- 

Routine  Certo 

Cargo  Tranepott 

Coebat 

eanc* 

FUCHT  HOURS 

IU 

215 

207 

110  a 

410 

214 

IKSTRUKEXTO  AIRCRAFT 

* 

4 

1 

3 

3 

1 

TIME  WAKE 

Sept  44  -  Oet  45 

Jae  44  -  Key  47 

Aug  44  -  Key  47 

Feb  45  -  Jul  45 

Aug  4*  -  Feb  70 

Hat  70  -  Sep  70 

lKSTRttfOtTATlON: 

Oeclllotreph 

Oedllottaph 

OecllloRteph 

Osclllotrsph 

Oedllottaph 

Recorder 

Recorder 

Reorder 

Recorder 

Out  aide  Mr  Teep 

X 

X 

X 

X 

X 

X 

Free aura  Altitude 

X 

X 

Enjloe  Torque 

X 

* 

j 
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X 

* 

* 

lAtetal  Mrapeed 

, 
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X 

* 

* 
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Rudder  Fade!  Foeltlon 
Tew  Attitude 

InJau  _  _  ... 

X 

ritch  Attitude 

Fitch  Rate 

Roll  Attitude 

Roll  Rate 
*x  *t  CC 

Ry  et  CC 
ft  et  CC 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Ny  et  Tell 

Hein  Rotor  Speed 

X 

X 

X 

X 

X 
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HELICOPTER  DATA  ACQUISITION  ID  WHL 


P  S  GRAINGER  -  CHIEF  MECHANICAL  ENCINEER 
Westland  Helicopters  Limited,  Yeovil, 
Somerset,  England.  BA20  2YB 


INTRODUCTION 

The  approach  to  loads  monitoring  is  designed  to  fulfil  two  requirements.  The  first  is  the  elimination, 
as  far  as  possible  of  costly  parts  being  thrown  away  because  of  overly  conservative  sssusptlvio  witn 
respect  lu  usage,  me  second  is  to  assure  the  assumed  safety  standards  by  knowledge  of  the  in-service 
aircraft  utilisation. 

Specific  problems  appropriate  to  the  helicopter  make  this  task  more  difficult,  but  nevertheless  the 
fundamental  steps  have  been  taken  to  commence  data  acquisition. 

A  discussion  of  equipments  with  more  limited  applications  are  outlined. 


LIST  OF  ABBREVIATIONS 

ISA  International  Standard  Atmosphere 

Hz  Hertz  -  Cycles/Second 

S/N  Stress/Cycle 

ASW  Anti-Submarine  Warfare 

VERTREP  Vertical  Replenishment 


THE  ANALYSIS  OF  LOADS 

(a)  Problems  with  Helicopters 

The  helicopter  dominant  loads  are  created  by  the  passage  of  each  blade  round  the  azimuth.  The 
aerodynamic  forcings  cause  higher  frequency  response  that  at  once  per  rev,  though  rarely  are 
these  high  frequency  loads  damaging  in  their  own  right. 

Consequently  the  number  of  cycles  relevant  to  a  total  analysis  is  very  considerable,  bearing 
in  mind  that  a  general  main  rotor  frequency  is  about  3-6  Hz  whilst  tail  rotors  vary  from 
15-30  Hz. 

Further,  the  high  frequency  signals  can  be  Important  up  to  eight  times  the  fundamental  rotor 
frequencies  requiring  considerations  of  up  to  50  Hz  for  main  rotors  and  240  Hz  for  tail 
rotors. 

This  being  the  case  several  corollaries  follow; 

(a)  It  is  most  practical  to  deal  with  peak  to  peak  signals  containing  all  the  harmonics. 

(b)  Specific  manoeuvres  contain  varying  proportions  of  frequencies  and  are  treated  as  a 
whole. 

(c)  Relatively  small  changes  in  aircraft  attitude  can  affect  the  harmonics  breakdown,  which 
implies  the  measurement  of  a  large  number  of  manoeu vres. 

As  a  consequence  the  procedure  for  establishing  the  loads  for  conditions  are  empirical,  and 
have  several  pessimisms  in  the  calculation  methods  discussed  below. 

(b)  Standard  Procedures 


Generally  the  policy  is  to  recognise  a  finite  number  of  aircraft  flight  conditions.  This 
number  is  of  course  naturally  infinite,  but  is  usally  compressed  down  to  200-300  separable 
identifiable  types.  In  previous  early  helicopters  the  number  of  conditions  were  as  low  as  30. 
In  the  obligatory  development  flight  period  these  manoeuvres  are  flown  wUh  the  objective  of 
acquiring  a  sufficient  number  of  each,  to  gain  information  on  mean  values  and  dispersion.  At 
this  point  industry  practice  varies  from  applying  a  fixed  factor  for  variability  (as  in  WHL) 
or  attempting  to  apply  simple  statistics.  The  flight  condition  is  defined  as  the  departure  and 
return  to  steady  state,  say  level  cruise,  and  includes  the  transient  effects  of  entry  and 
recovery. 

The  variables  involved  not  only  include  flight  condition  in  terms  of  aircraft  state, 
but  also  include  altitude,  temperature,  centre  of  gravity,  wind  direction,  gust 


I 
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severity,  external  load3,  weapon  fits  and  the  engagement  of  automatic  flight  control 
assistance. 


This  approach  i3  emminently  practical  but  is  necessarily  limited  to  the  environment  of 
the  manufacturer  which  in  our  case  is  broadly  at  ISA  conditions. 

The  affects  of  changing  density  with  temperature  and  altitude  are  pronounced  and  therefore 
a  more  complete  approach  would  be  to  take  the  aircraft  to  very  hot  and  very  cold 
environments,  in  the  latter  to  include  the  effects  of  icing.  The  problems  with  moving 
the  development  exercise  is  that  modern  measuring  systems  have  become  highly  computerised, 
using  aircraft  telemetry  links  in  preference  to  on-board  recording.  This  requires  a  very 
comprehensive  receiving  station  and  the  capacity  to  record  many  hours  of  real  time  data 
on  a  very  large  number  of  data  channels. 

In  these  circumstances  supporting  on  aircraft  away  from  factory  facilities  becomes 
extremely  expensive. 

Nevertheless,  trials  have  been  conducted  in  Denmark,  Norway  and  Spain,  to  pursue  loads 
information,  out  reverting  to  or.  beard  data  recorder? ,  and  »  combination  of  manual  and 
automatic  analysis. 

If  we  consider  a  typical  spectrum  we  have  as  follows: 

INBOARD  DOCBONE  PLAIN  SECTION  -  LOADS  AND  DAMAGE  RATES 
10,050  LB,  5.6”  FORWARD  0/2,000  FT 


MEAN 

MAXIMUM 

MEAN 

MAXIMUM 

DAMAGE/HR 

FLIGHT 

FLAP 

VIBRATORY 

LOAD 

VIBRATORY 

CONDITION 

LOAD 

FLAP  LOAD 

LAG  LOAD 

(LB  IN) 

(LB  IN) 

(LB  IN) 

(LB  IN) 

x  10 

Take-Off 

-11971 

19830 

856 

6926 

Hover 

-  5595 

18786 

9196 

7859 

- 

Rotor  Engagement 

-19791 

18786 

632 

12923 

2.212 

Transition  to  Hover 

-7029 

13998 

- 

Spot  Turn  to  Port 

-  6778 

16699 

3533 

7996 

- 

Spot  Turn  to  Starboard 

-  5957 

18009 

9097 

9859 

- 

Transition  from  Hover 

6188 

15655 

9892 

7926 

- 

Sideways  Flight 

-13371 

29005 

9222 

13923 

39.519 

Rearward  Flight 

-10195 

22178 

3670 

13281 

2.376 

Climb 

8976 

10521 

9165 

8239 

- 

Partial  Torque 

5912 

10656 

-4841 

7529 

- 

Autorotation  Entry 

16150 

11815 

- 

Autorotation  Recovery 

5971 

17578 

- 

Autorotation  Steady 

725 

8903 

-7196 

6251 

- 

30  Kts  Level  Flight 

5151 

6879 

1769 

8097 

- 

Level  Flight  0.4  VNE 

3698 

12716 

-1995 

5965 

- 

0.6  VNE 

3291 

10193 

875 

6965 

- 

0.7  VNE 

5d89 

9762 

2199 

7705 

- 

0.8  VNE 

6953 

9886 

3951 

8609 

- 

0.9  VNE 

7935 

10569 

4646 

9664 

- 

1.0  VNE 

7334 

11796 

5780 

10889 

- 

30°  Bank  Turn  0.4  VNE 

4000 

17507 

-1000 

5999 

- 

0.6  VNE 

6000 

13776 

0 

6965 

- 

0.8  VNE 

7000 

13202 

2000 

8561 

- 

0.9  VNE 

7000 

19350 

3000 

9577 

“ 

Once  Per  Flight 

6.359 

TOTAL 

50.961 

If  moreover  we  consider  a  typical  strain  gauge  and  instrumentation  data  gathering  fit,  and 
the  spectrum  applies  to  each  component,  some  idea  of  the  magnitude  of  the  task  is  gained. 


Westlar.g  30  Aircraft  Strain  Gauge  Standard 
Main  Rotor  Hub  Window  and  Counterbore 


Main  Rotor  Hub  "Window"  Gauge  F 
Main  Rotor  Hub  "Wlndou"  Gauge  G 
Main  Rotor  Hub  "Window"  Gauge  H 
Main  Rotor  Hub  "Window"  Gauge  I 


Mean  and  Vibratory 

M  ♦  V 
M  +  V 
H  +  V 
H  +  V 


Mean  and  Vibratory 


Main  Rotor  Hub  "Window"  Gauge 

J 

M  +■  V 

Main  Rotor  Hub  "Counterbore"  Gauge 

U  (UPPER) 

M  +  V 

Main  Rotor  Hub  "Counterbore"  Gauge 

M  (MID) 

M  +  V 

Main  Rotor  Hub  ''Counterbore"  Gauge 

L  (LOWER! 

M  ♦  V 

Main  Rotor 

Hub  Torque 

(MOOOTi 

M  ♦  V 

Hub  Bending  Moment 

(MOOOM)  x  2 

M  ♦  V 

Flap  BM  at 

(M032F)  x  A 

M  ♦  V 

Flap  BM  at 

(M068F! 

M  +  V 

Lag  BM  at 

(M068L1 

M  +  V 

Flap  BM  at 

(M1A2F) 

M  +  V 

t  aty  RM  at- 

(MU?!.) 

M  4-  V 

Flap  BM  at 

(Ml 96F> 

H+V 

Lag  BM  at 

(M196L) 

M  +  V 

Flap  BM  at 

(M310F) 

M  ♦  V 

Lag  EM  at 

(M310L) 

M  ♦  V 

Flap  BM  at 

(MA80F ) 

M  +  V 

Lag  BM  at 

(MA80L) 

M  f  V 

Flap  BM  at 

(MG40F) 

M  ♦  V 

Lag  BM  at 

(M640L) 

M  ♦  V 

Torsion  at 

(M700T) 

M  4-  V 

Flap  BM  aw 

(M810F) 

M  4-  V 

Lag  BM  at 

(M8t0L> 

H  +  V 

Lag  Damper  Load 

(M  Lag  Damper) 

V 

Spider  Arm  Bending 

(M  SPAB) 

M  4-  V 

Fore/Aft  Cyclic  Jack  Load 

(MFCC! 

M  4-  V 

Lateral  Cyclic  Jack  Load 

(MLCC) 

M  4-  V 

Collective  Link  Load 

(MCLL) 

M  4-  V 

Tall  Rotor 

Tall  Transmission  Torque 

(T.DS.Tq) 

M  *  V 

Spider  Arm  Bending 

(T.SP.AB! 

fl  *  • 

Pitch  Change  Lever  Load 

(T.PCL) 

M  4-  V 

Gearbox  Shaft  Bending 

IT.GBS.B) 

M  ♦  V 

Flap  BM  at  20. 8X  Radius 

(T.208.F) 

M  ♦  V 

Lag  BM  at  20. 8%  Radius 

(T.208.L! 

M  4-  V 

Flap  BM  at  33. 1%  Radius 

(T.331.F) 

M  4-  V 

Lag  BM  at  33. IX  Radius 

(T.331.L) 

M  +  V 

Flap  BM  at  50X  Radius 

(T.500.F) 

M  4-  V 

Lag  BM  at  50%  Radius 

(T.500.L! 

M  +  V 

Flap  BM  at  50%  Radius 

(T.600.F) 

M  ♦  V 

Lag  BM  at  60%  Radius 

(T.600.L) 

H+V 

Flap  BM  at  70X  Radius 

(T.700.F) 

M  4-  V 

Lag  BM  at  70%  Radius 

(T.700.L) 

M  4-  V 

Torsion  at  A5X  Radius 

(T.A50.T) 

M  4-  V 

Torsion  at  55%  Radius 

(T.550.T) 

H  +  V 

Torsion  at  65%  Radius 

Airframe  Transducers  for  G-BKKI 

(T.650.T) 

K  +  V 

Position  No 

1.  Co-Pilot's  Feet 

-  vertical 

1 

2.  Pilot's  Feet 

-  vertical 

2 

3.  Co-Pilot's  Seat  Aft  Outboard 

Attachment 

-  vertical 

5 

A.  Pilot's  Seat  Aft  Outboard 

Attachment 

-  vertical 

6 

5.  Rear  Cockpit  Bulkhead 

-  lateral 

7 

6.  Rear  Cockpit  Bulkhead 

-  fore  and  aft 

8 

7.  Cabin  Floor  Port  Side 

Approx  St'n  1710F 

-  vertical 

9 

8.  Cabin  Floor  Starboard  Side 

Approx  St'n  171  OF 

-  vertical 

10 

9.  Cabin  Floor  Port  Side 

Approx  St'n  A50F 

-  vertical 

11 

10.  Cabin  Floor  Starboard  Side 

Approx  St'n  A50F 

-  vertical 

1 2 

1 1 .  Cabin  Floor  P„rt  Side 

Approx  St'n  1210A 

-  vertical 

15 

12.  Cabin  Floor  Starboard  Side 

Approx  St'n  1210A 

-  vertical 

17 

13.  Intermediate  Tall  Rotor  Gearbox 

-  lateral 

1A.  Intermediate  Tall  Rotor  Gearbox 

-  vertical 

15.  Intermediate  Tail  Rotor  Gearbox 

-  fore  and  aft 

16.  Tail  Rotor  Gearbox 

-  lateral 

Y 


? 


V 


► 


3 

I 


F 

£ 
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Position  No 


17.  Tall  Rotor  Gearbox 

18.  Tal}  Rotor  Gearbox 

Engine  Transducers  for  0-BKKI 

1 .  Starboard  Engine  Power  Turbine 

2.  Starboard  Engine  Power  Turbine. 


-  vertical 

-  fore  and  aft 


-  lateral 

-  vertical 


Additionally  3hown  In  the  spectrum  are  the  relative  damage  numbers  in  terms  of  Miner's  Law 
from  each  of  the  conditions  described  for  the  specific  component.  Thl3  analysis  shows 
how  the  design  is  generally  driven  up  in  strength  until  only  a  small  proportion  of 
high  amplitude,  short  duration  conditions  cause  fatigue  damage.  This  can  be 
readily  seen  since  only  a  few  conditions  shown  are  leading  to  a  calculated  safe  life  of 
5000  hours.  As  a  result  the  amplitude  AND  perslstance  of  each  damaging  condition  are 
of  great  significance.  (Sea  figure  1). 


Furthermore  for  the  helicopter,  the  cycle  of  running  up  the  rotor,  taking-off  flying  and 
landing,  Itself  causes  fatigue  damage,  and  therefore  the  frequency  of  this  characteristic 
in  Its  own  right  is  critical. 

The  reason  for  this  characteristics  in  rotor  systems  13  that  in  order  to  produce  a 
practical  design,  Joints  are  Incorporated  In  the  blade/rotor  Interface.  The  centrifugal 
load  on  these  joints  at  nominal  rotor  speeds  generates  stresses,  due  to  stress  concentrations, 
greater  than  the  endurance  limit  of  the  system.  This  In  turn  means  that  the  component 
inevitably  has  a  limited  fatigue  life  related  dlreclty  to  the  number  of  rotor  starts. 

Usually  life  factors  and  empirical  tests  are  used  to  define  safety  margins  in  these 
components,  but  In  principle  the  operational  data  requirement  is  the  same. 

Because  Miner's  Law  cumulative  damage  rule  contains  only  linear  functions  of  applied  cycles 
the  implications  is  that  if  we  assume  only  one  condition  13  damaging  and  leads  to  the 
promulgation  of  a  safe  life,  doubling  the  occurrence  will  halve  the  life,  though  in 
real  terms  it  will  mean  that  the  probability  of  failure  will  rise  above  the  accepted  criteria 
after  half  the  promulgated  life  has  been  consumed  and  only  may  lea  to  failure  within  the 
full  life. 

If  the  assessment  of  amplitude  is  Incorrect  then  worse  than  linear  effects  can  occur  because 
of  the  shapes  of  the  S/N  curves  and  this  emphasises  the  need  fon  comprehensive  flying,  or 
In-service  loads  measurement.  (The  S/N  curve  shapes  are  usually  based  on  relevant  coupon 
type  date.  The  component  mean  strength  If  based  on  fatigue  test  resull.3  and  on  the 
production  component). 

Unlike  the  fixed  wing  conditions  of  flight,  the  blade  of  a  helicopter  13  continually  in  a 
very  disturbed  airflow,  and  the  classical  manoeuvres  of  say  pull-ups  and  turns  are  not 
as  significant.  Indeed,  a  non-aglle  civil  helicopter  safe  life  may  be  totally  controlled 
by  the  transient  entry  and  recovery  to  low  speed  sideways  or  rearward?  flight. 

(c)  Types  of  Usage 

The  helicopter  derives  its  usefulness  from  its  flexibility;  spectra  are  generally  derived 
from  either: 

(a)  Theoretical  flight  profiles. 

(b)  In-service  user  surveys,  of  various  types. 

(c)  A  combination  of  both. 

The  former  are  necessarily  based  on  previous  experience  and  can  be  erroneous  for  a  new 
operator.  The  latter  are  usually  restricted  to  periodic  pilot  questlonaires  which  can 
fairly  Inaccurate.  A  Typical  questlonaire  is  shown  in  Table  1. 

The  usage  may  be  detailed  in  a  variety  of  roles  typical  of  which  aret  ASW,  EAR,  VERTREP, 

CAPAD,  Shorthaul  Commuter,  Long  Haul,  Ferrying  etc. 

Each  of  these  are  then  broken  down  into  a  range  of  flight  conditions  (Table  2)  based  on 
heavy  handed  estimates  of  duration  of  flight. 

The  difficulty  with  this  approach  is  that  it  does  not  interface  with  the  fatigue  analysis 
of  the  components  and  indeed  for  a  new  aircraft  cannot  be,  and  is  consequently  only  a  gui  e. 
Nevertheless,  the  measured  aircraft  loads  from  development  flying  are  applied  to  these 
guides  to  formulate  the  safe  life. 

When  operational  patterns  have  been  established  attempts  by  use  of  questlonaires  may  be  made 
to  refine  the  more  tentative  areas.  Aircrew  generally  dislike  'excess'  paperwork  an'1  it 
follows  that  useful  answers  will  be  in  inverse  proportion  to  the  number  of  questions  asked. 
The  approach  is  further  hampered  by  the  very  limited  Instrumentation  of  the  standard 
in-service  aircraft,  and  the  pilot's  notoriously  Inaccurate  Judgement  of  time.  This 
Inaccuracy  stems  from  the  length  of  time  spent  in  high  workload  environments,  quite 
understandably,  and  tima  seems  very  long  when  negotiating  difficult  manoeuvres  such  as 
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landing  back  on  board  a  heaving  ship's  deck,  or  oil  rig  platfom  in  gusty  conditions.  This 
tends  to  lead  to  overly  pessimistic  estimate  of  time  in  condition. 

Regrettably  it  is  precisely  those  areas  which  tend  to  be  critical. 

Examples  of  more  detailed  searching  for  knowledge  of  time  spent  in  critical  condition 
areas  are  shown  in  Table  3  for  low  speed  SAR  training* 

On  receipt  of  such  information  the  designer  is  inclined  to  despair,  and  responds  by 
either  generating  a  brand  new  spectrum  on  the  basis  of  the  data,  and  then  re-analysing 
the  entire  aircraft  for  safe  life,  or  creates  compositions  of  existing  spectra  adjudged 
to  give  the  appropriate,  operational  severity.  The  latter  is  more  popular  from  the 
customer's  viewpoint  as  it  represents  a  much  cheaper  alternative. 

All  the  foregoing  emphasises  the  need  for  accurate  data,  on  which  to  base  judgement  and 
assess  effects. 

(dl  Operational  Effects 

Rotor  Systems 

For  main  rotor  systems,  all  up  weight,  centre  of  gravity  position,  incremental  'g'  force, 
and  control  inputs  in  terms  of  amplitude  and  rate  all  affect  the  rotor  loads  generated. 

As  a  result,  the  acquired  data  to  make  sense  of  the  inputs  needs  to  be  fairly  comprehensive. 

Broadly,  neither  eg  or  all  up  weight  have  a  pronounced  effect  on  tail  rotor  components. 

They  will  normally  suffer  most  from  low  speed  manoeuvres,  habitually  prone  to  considerable 
scatter.  Amplitude  and  rate  of  yaw  input  are  the  most  critical  parameters. 

Transmission 


For  transmission  systems,  depending  on  type,  broadly  only  torque  demand  causes  problems, 
but  where  in  aircraft  like  Lynx,  the  gearcase  is  used  as  the  rotor  mounting  on  the  fuselage, 
the  Inputs  for  rotor  systems  come  into  play. 

Structure 


The  structure  of  a  helicopter  is  the  area  most  like  fixed  wing,  and  broadly  can  be  treated 
in  a  similar  roannerj  however  structural  resonances  are  more  common  and  can  require 
investigation  in  their  own  right. 

Undercarriage 

The  helicopter  undercarriage  is  very  different  from  the  fixed  wing  type  in  that  the  whole 
design  aim  is  increased  energy  absorption,  it  being  considered  that  the  vast  percentage 
of  helicopter  landings  will  be  vertical. 

This  exacerbates  the  problem  of  aircraft  bounce  in  the  run-on  landing  situation,  but  in 
either  case  the  information  controlling  the  life  is  obviously  only  the  landing.  The 
variables  are  aircraft  attitude  and  rate  of  descent. 

HODR  -  Helicopter  Operational  Data  Recording 

Clearly  it  would  be  desirable  to  instrument,  comprehensively,  each  aircraft  in  the  fleet 
and  record  all  the  data  so  as  to  individually  life,  safely,  each  aircraft;  obviously  at  the 
present  stage  this  is  not  possible. 

As  will  be  discussed  later  however,  the  start  of  this  process  is  being  attempted,  but  for 
simplicity  we  can  break  down  the  lifing  task  into  three  phases: 

(a)  Find  out  the  time  spent  in  manoeuvres. 

(b)  Find  out  the  loads. 

(c)  Calculate  the  life  for  each  critical  section. 

Ideally  (a)  and  <b)  should  be  done  on  the  same  aircraft  but  HODR  attempts  lo  evaluate  (a), 
with  a  sample  of  the  fleet  and  a  home  based  aircraft  to  identify  (b). 

At  present  WHL  have  been  Involved  (witn  RA£  Farnborough)  in  the  instrume  tat ion  and 
reduction  of  data  from  two  in-service  aircraft.  A  Hk  2  Sea  King  involved  in  pilot  training, 
and  a  Mk  A  Sea  King  are  currently  flying  with  'parameter'  instrumentation. 

The  objective  of  this  'parameter'  instrumentation  fit  is  to  be  able  to  interpret  the 
aircraft  behaviour  and  allocate  a  duration  to  the  recognised  manoeuvre.  Kith  this  accomplished 
for  all  the  recognised  manoeuvres  a  spectrum  can  be  genera y2d,  and  for  unrecognisable 
situations  the  home  based  aircraft  flown  to  attribute  loads  to  this  previou?ly  unanticipated 
area. 


This  'parameter'  standard  includes  the  following: 
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plcal  Sea  Klr.g  Parameter  Ll3t  (HODR) 


Aircraft  Motion  Parameters 

Normal  g  -  main  rotor  centre  line  port  side  of  cabin 

Normal  g  -  main  rotor  centre  line  starboard  side  of  cabin 

Normal  g  -  main  rotor  centre  line  aft  cabin 

Lateral  g  -  main  rotor  centre  line  aft  cabin 

Longitudinal  g  -  main  rotor  centre  line 

Aircraft  pitch  attitude 

Aircraft  roll  attitude 

Aircraft  heading  ('yaw  attitude') 

Aircraft  Flight  Control  Parameters 


Collective  Control  Position  ) 

Cyclic  Control  Lateral  Position  ) 

Cyclic  Control  Fore/Aft  Position  ) 

Rudder  Pedal  Position 

Engine  Torque  No.  1 

Engine  Torque  No.  2 

Tail  Rotor  Torque 

Main  Rotor  Speed 

Indicated  Airspeed 

Pressure  Altitude 

Doppler  Velocities 

Strain  Gauges 


Tall  Pitch  Control  Load 
Airframe  Strain  Gauges  (2  off) 
Tail  Pylon  Hinge  Strain  Gauges 


Future  installations  will  also 
include  control  servo  positions 


Installed  on  latest  aircraft 


Status  Signals 


Aircraft  on  Ground  Event  (La  ling  Gear  Switch) 
AFCS  Engaged  Event 
HF  Radio  Transmit  Event 
Elapsed  Time 


The  recording  system  starts  with  the  release  of  the  rotor  brake  and  stops  twenty  seconds  after 
application  of  the  brake. 


Further  work  13  programmed  to  extend  this  information  to  five  further  Sea  King  and  six  Lynx. 

Commonality  of  instrumentation  between  Sea  King  and  Lynx  has  been  achieved.  A  small  cassette 
recorder  is  used  to  store  multiplex  data  from  the  above  aircraft  sys*  .ms  signals  and  specially 
^stalled  transducers  via  a  programmable  data  logging  system. 

These  signals  are  in  the  main  low  pass  filtered  at  about  1.5  Hz.  In  addition  some  strain 
gauges  are  installed  to  measure  strains  directly  in  certain  habitually  critical  areas. 

The  sample  rate  of  these  parameters  is  generally  about  4-8  tiroes  per  second,  which  is  sufficient 
to  describe  control  inputs  and  motion  response  of  the  aircraft.  Strain  gauges  have  to  be 
sampled  at  much  higher  rates  depending  on  the  frequency  of  loading,  as  described  in  the 
introduction.  The  tape  capacity  gives  a  duration  of  about  two  hours  and  the  equipment  is 
descr,'  bed  in  Reference  1 . 

In  order  to  reduce  the  volutae  of  the  strain  gauge  type  of  data  an  alternative  recording 
method  is  currently  under  investigation.  This  process  involves  both  low  and  high  pass 
filtering  of  the  signal  and  recording  on  separate  channels  the  low  pass  filtered  signal  which 
is  equivalent  to  the  steady  part  of  the  signal,  and  the  high  pass  portion,  equivalent  to  the 
peak  amplitude.  Their  time  history  and  association  is  maintained  such  that  at  a  later  stage 
the  stress  analysis  can  be  carried  out,  by  replaying  essentially  tabulated  data  and 
calculating  fatigue  damage  on  this  basis. 


HELICOPTER  OPERATIONAL  DATA 

The  parametric  data  is  processed  by  two  basic  methods: 

(a)  'Automatic* 

Computer  reduction  of  the  data  is  carried  out  to  produce  tables  of  specific  information  such  as 
number  of  rotor  starts,  take-offs  and  duration  of  each  sortie  and  counts  of  the  number  ot' 
autcrotations.  Other  information  is  also  gained  such  as  engine  torque  spectra,  airspeed  versus 
altitude  and  airspeed  versus  angle  of  bank  spectra.  Aircraft  lateral  and  normal  accelerations 
jiVc  found  by  combining  the  accelerometer  signals. 
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This  type  of  processing  of  the  parametric  data  will,  it  is  hoped,  provide  usage  spectra  representative 
of  the  various  aircraft  roles  for  comparison  with  the  assumed  spectra  and  such  old  standards  as 
CAM6.  Typical  Sea  King  spectra  are  included  in  Reference  2.  Cycle  counts  and  damage  analysis 
will  be  made  on  strain  gauge  data. 

(b)  'Manual* 

Time  histories  of  the  parameters  are  displayed  for  visual  examination  to  discover  any  unexpected 
manoeuvring  of  the  aircraft  which  night  have  a  potentially  damaging  effect.  This  process  is  at 
the  moment  of  necessity  visual  (using  engineers  with  flight  experience)  because  at  the  present 
time  the  computing  power  and  software  requirement  for  automatic  manoeuvre  recognition  are 
prohibitive. 

The  technique  employed  is  to  look  for  occurrences  of  high  *g'  loading  and/or  rapid  change  of 
aircraft  attitude  which  imply  high  structural  or  dynamic  component  loads  or  high  rotor  moment. 

The  manoeuvres  are  then  described  as  precisely  as  possible  for  the  inclusion  in  the  flight 
programme  of  a  load  survey  helicopter  or  for  insertion  in  the  assumed  flight  spectra  for  the  mark 
of  helicopter.  On  the  one  aircraft  on  which  this  work  has  been  carried  out  it  has  been  found 
difficult  to  identify  low  speed  manoeuvres  but  future  aircraft  data  acquisition  systems  will 
include  doppler  velocities  and  tail,  rotor  torque  information  to  assist  in  this  area. 

CONCLUSIONS 


The  approach  centres  on  answering  the  many  questions  of  what  does  an  aircraft  in  the  field  actually  do? 

The  problem  with  this  question  13  that  it  is  never  fully  answered  in  that  an  individual  machine  may 

indeed  be  suffering  the  worst  load3  because  of  topographic  problems,  or  lack  of  maintenance  personnel, 
and  happen  not  to  be  the  one  selected  for  analysis. 

The  state  of  the  art  with  respect  to  usage  is  so  coarse  however  that  the  seeding  of  service  aircraft 
across  the  operators  is  likely  to  be  invaluable  in  identifying  the  general  trends  in  critical  areas  to 
put  us  in  a  much  stronger  position  than  today. 

The  benefits  of  such  knowledge  ^an  be  either  the  avoidance  of  catastrophic  underdesign,  or  the 
recognition  of  over  pessimism  in  the  lifing  policy.  On  the  assumption  that  we  will  not  have  the  former, 
the  monetary  benefits  of  the  latters  could  be  staggering. 

The  effect  of  longer  safe  life  and  the  consequent  saving  of  spares  purchase  and  inventory  could  replay 
the  cost  of  the  loads  measurement  many  times  over,  and  it  is  hoped  it  will. 

The  programme  for  the  Sea  King  flight  on  the  data  gathering  aircraft  is  taking  place  at  present. 

The  data  acquisition  in-service  is  now  starting  to  become  available. 

From  the  Mk  2  aircraft  data  from  the  first  HODR  programme,  the  basic  results  yield  the  following 
typical  data: 

(a)  Bar  charts  of  Indicated  Airspeed  and  altitude  in  bands  of  speeds  in  excess  of  AO  kts.  This 
converts  into  percentage  of  time  at  speed  and  altitude  to  compare  with  spectral  assumptions. 

(b)  Counts  of  take-offs  per  hour. 

(c)  Occurrence  of  autorotation. 

(d)  Summations  of  twin  engine  powers  and  times. 

(e)  Rotor  speed  values  and  occurrence. 

(f)  Roll  angle  amplitude  and  occurrence  leading  to  a  first  estimate  of  time  in  turns. 

From  early  analysis  of  the  above  some  early  trends  are  discernable  roost  of  which  support  the  view 
that  the  spectral  assumptions  are  pessimistic  and  that  fiscal  savings  may  be  made.  Two  of  the  most 
obvious  effects  which  have  already  been  noted,  which  could  have  adverse  life  effects  are  that: 

(a)  The  amount  of  autorotation  is  higher  than  anticipated  which  increases  the  torque  cycling  of  the 
gearbox . 

(b)  Flight  durations  are  shorter  than  anticipated,  which  adversely  affects  components  affected 
take-offs,  and  rotor  starts. 

Limited  Aircraft  Fit  Devices 


Whilst  the  HODR  programme  attempts  to  look  at  overall  aircraft  parameters,  several  attempts,  of  which 
two  will  now  be  highlighted,  have  been  made  to  address  areas  which  are  more  controllable,  in  that  either 
instrumentation  already  exists  than  which  loading  information  can  be  extracted,  or  the  objective  of 
measurement  13  strictly  limited. 

Health  and  Usage  Monitor  -  Westland  30 

Torque  Exceedance 

The  loads  in  the  main  transmission  system  of  the  Westland  30  are  dominated  by  the  utilisation  of  torque 
in  the  single  and  twin  engine  mode.  If  knowledge  of  the  system  torques  could  be  acquired  it  would  be 
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possible  to  calculate  the  effect  on  the  individual  gears.  The  bearings  are  controlled  by  a  health 
monitoring  package  of  oil  analysis. 

As  part  of  a  similar  aim  on  the  engine  an  automatic  processor  with  enhanced  software  capacity  has  been 
procured  and  is  currently  under  test. 

The  device  fitted  to  the  aircraft  is  shown  In  "igure  2  and  performs  the  following  functions: 

(a)  Engine  Power  Monitoring. 

(b)  Engine  Usage  Monitoring. 

(c)  Transmission  Torque  Monitoring. 

(d)  Transmission  Usage  Monitoring. 

(e)  Rotor  Torque  Usage  Monitoring. 

To  oerfora  these  calculations  for  the  gearbox  the  unit  uses  the  torque  for  each  engine. 

The  total  range  of  torque  between  aero,  and  twice  maximum  continuous  is  banded,  into  nine  bands. 

The  system  recognises  the  band  in  which  the  torque  lies,  and  sums  the  time  spent  in  each  band.  It 
conducts  the  seme  calculations  for  Engine  No.  1,  Engine  No.  2  and  the  total  torque  from  Nos. 

1  and  2  including  the  effect  of  torque  3plit.  (See  Figures  3  and  A). 

The  data  is  retained  in  updated  stores  of  torque  and  time.  For  rotating  gears  it  is  not  generally 
necessary  to  know  the  sequence  effect  of  torques  because  each  gear  naturally  ha3  a  large  number  of 
teeth.  The  aircraft  torque  is  relatively  slow  moving  function  compared  to  the  tooth  passage  frequency. 
Consequently,  each  tooth  on  a  gear  sees  a  relatively  long  duration  of  constant  root  bending  cycles 
in  each  band,  corresponding  to  a  miniature  constant  load  amplitude  application. 

Therefore  as  long  as  the  sequence  effects  are  included  on  the  transmission  fatigue  te3t,  and  WKL 
commonly  use  a  programme  load  approach  on  new  gearboxes,  it  is  not  necessary  to  know  the  applied 
sequence  of  stresses. 

The  fatigue  S/N  curve  for  each  gear  in  the  gearbox  is  included  in  the  system  memory  on  the  look-up 
table,  and  at  the  end  of  a  flight  the  3tored  data  on  torque  and  time  is  applied  to  the  fatigue  damage 
algorithm  to  calculate  a  'damage  index',  for  each  component.  When  the  'damage  index'  equals  unity 
for  any  component,  the  affected  item  is  life  expired.  The  unit  is  interrogated  at  a  pre-determined 
frequency,  but  has  been  designed  to  have  sufficient  storage  for  1000  hours. 

Thl3  system  effectively  puts  the  gears  on-condition  with  respect  to  life,  and  as  long  a3  the  record 
of  life  used  is  kept  with  the  gear,  this  condition  can  be  maintained  until  life  expiry  on  the  most 
critical  unit. 

With  service  experience,  it  is  expected  that  the  aircraft  operator  should  be  able  to  look  back  on  the 
growth  of  damage  index  with  flight  hours  for  his  operatlon(s) ,  and  with  system  familiarity  be  able  to 
predict  a  scheduled  removal  from  the  aircraft. 

Since  the  other  components  within  the  transmission  are  monitored  by  oil  condition  one  way  or  another, 
as  previously  mentioned,  the  entire  main  transmission  system  could  become  on-condition. 

The  device  is  currently  undergoing  system  proving  trials  at  WHL,  but  should  shortly  be  fitted  to 
a  development  aircraft  for  flight  trial  purposes. 

There  is  no  reason  why  the  tail  transmission  system  could  not  be  similarly  treated,  and  the  later 
variants  of  the  Westland  30,  are  fitted  with  a  solid  state  tail  torquemeter  precisely  for  this 
purpose.  This  data  is  added  to  an  enhanced,  but  similar  computer  package,  with  this  aim  in  mind. 

Kotor  Head  Monitor 


Both  Lynx  and  We3tland  30  are  fitted  with  a  common  semi-rigid  rotor  head.  The  high  control  power 
available  implies  that  small  control  movements  give  high  rates  of  response,  and  correspondingly  high 
loads.  One  of  the  area3  in  which  this  is  a  potential  problem  is  is  in  the  area  of  aircraft  taxying. 

At  the  present  time  detailed  instructions  are  written  into  the  pilot's  manual  describing  the  procedure 
for  control  inputs  in  the  taxying  mode.  The  particular  problem  areas  are  in  operation  from  poorly 
prepared  sites  and  grass  landing  strips. 

The  problems  come3  about  when  trying  to  start  off  the  aircraft  in  soft  conditions.  The  pilot  wishes 
to  create  a  forward  motive  force.  The  method  of  doing  this  is  to  tilt  the  thrust  vector  forward  by 
applying  cyclic  stick  movements.  As  a  result  he  also  applies  main  rotor  head  moment.  Depending  on 
the  softness  of  the  ground,  these  leads  can  be  quite  large. 

Large  airports,  or  controllers  of  airspace,  can  ban  hover  taxying,  demanding  that  the  helicopter 
behave  a3  if  it  were  a  fixed  wing  aircraft.  This  imposes  an  unusual,  and  generally  unknown  constraint 
on  an  aircraft  not  designed  for  prolonged  use  in  this  way. 

The  procedure  would  be  quite  straightforward  if  a  head  moment  gauge  could  be  fitted  for  the  pilot, 
such  that  he  could  curtail  operations  within  the  acceptable  stress  envelope.  This  requires 
rotational  information  from  strain  gauges  on  the  main  rotor  head  to  be  brought  down  to  the 
non-rotating  co-ordinate  system  of  the  cockpit. 


In  development  aircraft  this  i3  done  by  a  mechanical  highly  complex  slip-ring  whose  reliability  is  not 
good.  This  problem  of  serviceabilty  becomes  particularly  acute  in  the  long  terra,  and  is  one  of  the 
major  difficulties  of  in-service  data  acquisition.  However,  a  radio  slip-ring  using  multiplexed 
signals  transmitted  over  a  short  distance  using  RF  signals  is  currently  under  development  by  WHL.  The 
amount  of  information  which  can  be  transmitted  is  limited  but  it  is  nevertheless  ideal  for  this 
application. 

The  strain  gauge  signals  for  two  adjacent  aims  of  the  four  bladed  design  are  added  to  give  spacial 
vector  of  moment  by  suitable  filtering.  The  steady  component  of  lift  is  also  extracted  to  allow  for  the 
mean  stress  on  the  component,  and  this  data  is  supplied  to  the  pilot  on  a  special  cockpit  gauge. 

By  keeping  within  a  set  of  pre-determined  boundaries,  the  generation  of  inadvertent  loads  causing 
damage  is  precluded.  In  this  way  the  promulgated  life  is  assured  and  possible  spectral  exceedances 
curtailed. 

These  pursuits  are  extended  to  a  whole  health  monitoring  package  (Reference  5)  on  Westland  30  Series  300. 
Figure  5  shows  a  completely  interfaced  package  covering  a  great  deal  mo:e  of  the  system  than  those 
related  only  to  fatigue  sensitive  loads  directly. 

Main  and  tail  torques  are  recorded  in  an  advanced  package  similar  to  Westland  30  Series  200.  Main 
rotor  head  usage  is  extended  into  areas  other  than  but  including  the  taxi  mode. 

Engine  power  checking  and  lifing,  oil  condition,  and  selective  vibration  analysis  add  together  to 
provide  as  large  an  on-conditJon  assessment  as  possible  all  of  which  is  designed  to  eliminate  the 
unknowns  in  user  operation  and  spectrum. 

CONCLUDING  REMARKS 


The  HODR  task  in  collaboration  with  MOD  is  the  most  complete  approach  possible  at  this  time,  to  determine 
the  utilisation,  and  acquire  loading  data.  The  nature  of  the  task  requires  considerable  aircraft 
management  to  ensure  that  as  many  role  configurations  are  covered  as  possible.  Since  the  data  is 
acquired  in  real  time,  the  acquisition  of  a  statistically  significant  amount  will  be  spread  over  the 
next  few  years.  Nevertheless,  early  signs  indicate  that  a  considerable  number  cf  improvements  will  be 
accrued  from  even  early  data  received. 

This  approach  also  provides  the  ability  to  encompass  new  roles  for  an  in-service  aircraft  type,  in  a 
much  more  rigorous  way  than  current  estimating  methods. 

The  methodology  shoulJ  also  provide  an  information  database  against  which  to  test  loading  theories 
(such  as  random  load)  and  extend  statistical  scatter  knowledge  on  times. 
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FIGURE  2 


/ICE -85 


•  High  integrity/sslf-cnecking  software 

•  In-built  non  voletila  memory 

•  Serial  I/O  for  diagnostic  and  on-tlna  data  axckanga 

•  1  amp  outputs  for  actuator  and  relay  drives 

•  Low  power  consumption  and  Heat  dissipation 

•  Analogue  back-up  overspeed/over-temperature  control 

•  In-built  LP  or  HP  pressure  transducer 

9  Growth  capability  on  spare  PCB  within  unit 


The  ACE-85  range  of  full-authority  general- 
purpose  digital  engine  controllers  provide  the 
user  with  a  powerful  computer  based  on  the 
INTEL  8085  microprocessor  and  the  twenty 
years  of  control  experience  by  HSDE. 

The  high  performance  design  contained  in  the 
rugged  environmentally  protected  unit  Is 
capable  of  meeting  the  most  stringent  require¬ 
ments  that  today's  industrial  engines  and 
aircraft  gas  turbines  demand. 

The  high  reliability  and  integrity  is  achieved 
by  using  well  established  quality  components 
along  with  specially  developed  self-checking 
software.  Modular  construction  using  multi¬ 
layer  p.c.b.  techniques  and  film  wire  inter 
connections  contained  within  a.<  aluminium 
alloy  cast  housing  contribute  to  the  integrity, 
maintainability  and  overall  low  cost  of  the  unit. 
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FIGURE  3 

LYNX/WESTLAND  30  TRANSMISSION  SYSTEM 


GEAR  TITLE 

1  Input  e*n>on 

2  »n© ul  Ptruon 

3  leytheft  Wheel 

4  leytheft  Wheel 
6  leytheft  Pinion 

6  leytheft  Pinion 

7  Output  Geer 

•  Output  Cmi 

•  level  Driver  MCI  inpui 

10  Sevel  Of  hr*.  MGS  Input 

11  Sevel  Driven.  MGS  input 
13  level  Oman.  MGS  Input 

13  Con'*  mat  Pmien 

14  Cpntermei  Pinien 

15  Conformet  Pinion 

IS  Trentfei  Spur  -  Driver 
17  Traneler  Spm  ■  Oman 
IS  Tronefer  Spuf  •  Driven 

19  Ttanafai  Spur  ldu< 

20  Conlorr.ei  Whaal 

21  level  Of  i van  T  T  0 

22  Saval  Oman  T  T  0 

23  Intaf  G  B  Oulput 

24  Inter  G  S  Inpul 
2b  Tail  G  B  Output 
24  Ta«l  G  6  Oulput 

77  I »tth(li  fan  Ofiva  (im> 


GEAR  TITU 

21  leytheft  Fa.-  Ofiva  Gaa f 

29  Fan  Ofhra  Idler  Qaaf 

30  Fan  Ofiva  Mat  Qaaf 

31  Fan  Drive  Mtor  Geer 

32  Fan  Driva  Mar  Qaaf 

33  Fan  Ofiva  Gaaf 

34  Fan  Of  ha  Qaaf 

31  Aoceeeery  Dfivaf.  Ah 
34  Aecaaaary  Omar.  Ah 
37  Aeoaaaafy  Oman.  Ah 
34  Aeeaaaafy  Driven.  Ah 

39  Ateeaaoor  Driver.  Fwd 

40  Acceeaery  Other.  Fwd 
4!  Aaoaaaary  Oman.  Fw«t 

42  Aamaaary  Orivan.  F*4 

43  Techo.  Spur 

44  Freewheel  KSO.  Spur 

41  Freewheel  HSG  Spur 
44  Hydraulic  Rump  Spur 
47  Hydraulic  Pump  Spur 
44  0*1  Pump  Sour 

49  Generator  spur 

60  Generator  Spur 

61  ktter  Spur 
67  Idler  Spur 
43  Idler  Spur 


f 


FIGURE  A 

WESTLAND  30  TORQUE  MONITORING  SYSTEM 

-SOFTWARE  CALCULATES  LIFE  CONSUMED 
-FLAGS  OVER  TORQUING  FOR  MAINTENANCE 

ACTION 
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START 


FLIGHT  TIME 


END 
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table  2 


SEA  KING  MK  2/5 


Mk  5 
only 


1 

l 

2 

3 

9 

5 

6 

7 

a 

Sortie  Type 

TRAINING 

GENERAL 

TRAINING 

ASW 

TRAINING 

IF 

ASW 

ASW  2 

“ 

SAR 

VERTREP 

b 

Sortie  Duration. 

nrs 

1 .00 

2.00 

1  .00 

9.00 

9.00 

3.00 

2.00 

c 

Max  AUM  . . 

lb 

19500 

19700 

19500 

20500 

21000 

20000 

21000 

d 

No.  Rotor  Starts 

1 

1 

1 

— 

1 

1 

1 

e 

No.  Landings 

20 

1 

1 

55 

1 

1 

5 

f 

No.  Decels  or 

Flares  to  Hover 

•  5 

20 

2 

18 

5 

H 

30 

g 

Total  Time  in 

Hover  and  Low 

Speed  Manoeuvres 

20  min 

50  min 

05  min 

1.00  hr 

20  min 

15  min 

50  min 

h 

Time  Hovering 

Into  Hind 

U  20°  on  Nose) 

15  min 

90  min 

3  min 

45  min 

15  min 

12  min 

40  min 

j 

Time  In  Sideways 
Flight  to  Stbd 

2  min 

3  min 

0  min 

3  min 

1  min 

1  min 

2  min 

k 

Tine  in  Sidways 
Flight  to  Port 

2  min 

3  min 

0  min 

3  min 

1  min 

1  min 

2  min 

1 

Total  Time  in 
'Transit*  Flight 

10  min 

15  min 

15  min 

1.00  hr 

1.10  hr 

2.00  hr 

5  min 

m 

Speed  kts 

90  kts 

100  kts 

90  kts 

110  kts 

110  kts 

1 10  kts 

60  kts 

n 

Nominal  Altitude 
ft 

1000 

750 

3500 

1000 

!■  1 

2000 

1000 

500 

P 

Time  'on  Station' 

50  min 

1.95  hr 

95  min 

3.00  hr 

2.50  hr 

1.00  hr 

t .55  hr 

q 

Average  Speed  kts 

50  kts 

60  kts 

60  kts 

60  kts 

75  kts 

60  kts 

60  kts 

r 

-1 

Nominal  Mtitudp^ 

500 

200 

3500 

200 

2000 

1000 

200 

j.riarKS  and 
Additional  Details 
ie  Number  Sonar 
Dunks  'Sonobuoys' 

Wt  of  Underslung 
Load 

q  =  Approx  average  between  exercise  speed  and  hover 
except  column  7  which  is  the  average  speed  for 
transit  with  an  underslung  load 
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SEA  KING  MK  3 

RECORD  OF  SIDEWAYS  FLIGHT  DURING  DECK  WINCHING  EXERCISES 

NOTE  t  It  1$  very  important  that  the  speeds,  times  and  weights  you  record 

below  are  those  which  apply  ONLY  to  the  pr  j  during  deck  winching 
in  which  you  were  In  SIDEWAYS  FLIGHT. 


TIME  IN  MINS  SPEND  IN 
SIDEWAYS  FLT  AT  WEIGHTS 

AVERAGE 

WIND  SPEED 

TOTAL  TIME  (MINS)/AV  SPEED  (KTS)  FOR 
SIDEWAYS  FLIGHT  DURING: 

DATE 

<  19,500 

BUT  >  20,500 

<  20,500 

KTf> 

STANDARD 

DECK 

ODD  DECK 
STBD 

ODD  DECK 
PORT 

DOWNWARD 
ODD  DECK 

111 

(m 

mi) 

ilvt 

(V) 

“TvTT 

( vil ) 

(vlll) 

Notes  of  expl 
WHL: 

Time  at  weigh 
<  19,500  lbs 
calculated  by 
exception/ 

anatlon  for 

ts 

is 

..  t 

r 

Aircraft 
diagram  1 

$  =  Win 

p.oves  In  d 
partlcula 

Direction 

rection  she 
column. 

wn  by 

t  ' 
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SESSION  II  -  FATIGUE  ASSESSMENT  &  COMPARATIVE  RESULTS 


SUMMARY  RECORD 
by 

G  R  Graham 

Department  of  National  Defence 
Ottawa,  Ontario,  Canada 


The  presenter  of  paper  No  8  was  asked  if  the  seasonal  variation  in  damage  rates 
reported  indicated  that  fin  loading  was  primarily  due  to  gusts;  he  agreed  that  this  was 
the  case.  In  response  to  a  comment  on  the  adequacy  of  the  highest  sampling  rate  used  (28 
samples/sec) ,  the-  rate  used  was  subjecc  to  the  limitations  of  the  data  collection  system 
available,  and  was  therefore  something  of  a  compromise. 

The  discussion  on  the  CF-5  vertical  stabilizer  programme  covered  the  flight 
programme  itself,  the  observed  spectrum,  and  the  relative  sensitivity  of  strain  gauges 
and  the  mechanical  strain  recorder  (HSR) .  The  test  sorties  were  flown  by  a  Canadian 
Forces  test  pilot  who  was  familiar  with  squadron  operations;  he  was  instructed  to 
exaggerate  the  use  of  rudder  in  the  short-term  trial  in  order  to  establish  a  conservative 
set  of  results.  Comment  was  made  that  this  instruction  wa3  omitted  from  the  longer-term 
programme  of  flight  trials  and  that  the  observed  agreement  beeween  short  and  long-term 
trials  was  therefore  a  matter  of  chance. 

It  was  observed  that  the  fin  load  spectrum  was  not  symmetrical.  No  special 
investigation  had  been  mounted  to  establish  the  reasons  for  this  phenomenon,  but  it  was 
believed  that  turns  in  one  direction  were  more  frequent,  for  operational  reasons. 

The  short  term  programme  showed  a  greater  sensitivity  to  small  amplitude  cycles, 
since  the  strain  gauges  fitted  to  the  tail  structure  were  more  sensitive  than  the  MSR 
response.  No  attempt  was  made  to  correct  for  this  truncation  effect.  Short  crack 
effects  were  assumed  absent,  and  the  Forman  equation  and  Willenborg  retardation  model 
were  used  in  analysis.  In  response  to  questions  on  the  performance  of  the  MSR,  the 
author  observed  that  the  instrument  performed  quite  well  at  the  outset  of  the  programme. 
However,  as  time  went  on  the  quality  of  the  trace  deteriorated,  and  difficulty  was 
experienced  in  reading  the  tapes,  together  with  appreciable  processing  delays  and  data 
loss . 


Similar  questions  on  experience  with  the  MSR  were  directed  to  the  author  of  Paper  No 
10.  Here  again,  MSR  results  had  not  been  good,  certainly  not  as  good  as  with  European 
users.  A  US  speaker  commented  that  USAF  is  abandoning  use  of  the  MSR,  because 
maintenance  difficulties  and  the  expected  greater  reliability  of  microprocessor-btv  1 
systems. 

A  strain  gauge-based  system  was  not  considered  for  the  F-16,  possibly  because  of  the 
perceived  limited  reliability  of  strain  gauges,  but  also  because  a  relatively  cheap 
system  was  required.  Costs  were  kept  down  by  recording  parameters  which  were  already 
measured  by  existing  instrum;':. tation.  In  subsequent  discussion  on  the  large  number  of 
parameters  mentioned  in  various  papers  presented  during  the  session,  it  appeared  that 
almost  all  recorded  parameters  are  used  in  some  loads  computation,  although  considerable 
scepticism  was  expressed  in  some  quarters  about  the  dependability  and  accuracy  of  such 
load  predictions,  taken  across  the  complete  flight  envelope  and  'or  widely  varying 
aircraft  configurations. 

Comment  was  made  on  the  number  of  aircraft  fin  problems  mentioned  during  the 
session,  suggesting  that  there  may  be  a  deficiency  either  in  design  requirements  or  in 
quality  of  design  for  such  structure.  In  reply,  one  speaker  felt  that  the  observed 
problems  were  more  related  to  fatigue  than  to  static  strength.  They  appeared  to  stem 
either  from  inadequate  load  spectra  or  from  changes  in  the  operational  environment  for 
the  aircraft  in  question. 

The  operational  usage  of  new  fighters  is  increasing  the  effects  of  unsteady 
aerodynamics.  Questions  were  raised  on  what  sampling  rates  were  required  to  define 
adequately  the  load  histories  for  major  structural  component-.  It  was  suggested  that 
feasible  rates  were  largely  a  function  of  the  aircraft  type  being  surveyed.  Space  is  not 
a  problem  on  large  aircraft,  and  recording  equipment  with  very  high  response  rates  can  be 
installed.  However,  space  limitations  on  small  fighter  aircraft  significantly  affect  the 
capability  of  the  equipment  carried.  Unfortunately,  the  requirements  may  be  more 
pressing  on  the  smaller,  more  agile  aircraft. 


V 
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The  two  helicopter  papers  showed  a  considerable  commonality  of  view,  reflecting  the 
considerable  difficulty  in  acquiring  and  correlating  Che  large  number  of  parameters 
needed,  and  the  special  problems  of  high  vibration  levels  and  transfer  of  data  across 
rotating  bearings.  Comment  was  made  that  the  US  Army  experience  in  South-East  Asia 
indicated  that  helicopters  are  being  subjected  to  loads  outside  the  design  envelope.  The 
question  was  raised  as  to  whether  this  situation  was  acceptable  under  war-like 
conditions,  or  should  design  requirements  be  re-evaluated? 

In  subsequent  discussion  it  was  agrsad  that  pilots  are  bound  to  try  and  get  the  best 
operational  performance  out  of  their  machines  (whether  rotary-wing  or  fixed-wing). 
Accepting  that  there  will  be  a  limited  number  of  excursions  beyond  the  nominal 
operational  envelope,  it  appeared  necessary  to  design  with  some  form  of  durability 
allowance  built  into  the  structure,  to  allow  for  such  usage.  National  practice  varied 
somewhat  hare. 
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EVALUATION  OF  OPERATIONAL  LOADS  TO  VERIFY  STRUCTURAL  DESIGN 

by 

H.  Struck  and  H.  Balke* 

Load  Criteria  Sect.. on 
Messerschmitt-BBlkow-Blohm,  UTE243 
HUnefeldstr.  1-5/  D-2800  Bremenl 


SUMMARY 

A  method  of  load  evaluation  derived  from  operational  manoeuvres  in  addition  to  the 
design  requirements  applied  will  be  presented.  The  method  is  based  on  the  hypothesis 
that  all  manoeuvres  trained  and  flown  by  the  Air  Force  are  standardizable.  Some  rele¬ 
vant  parameters  have  been  chosen  that  are  suitable  to  describe  the  manoeuvre  time  histo¬ 
ry  sufficiently  with  respect  to  load  analysis. 

For  two  fighter  aircraft  and  a  few  manoeuvre  types  the  standardization  of  manoeuvre 
parameters  will  be  demonstrated.  By  means  of  standardized  manoeuvres  the  correlated  pa¬ 
rameters  necessary  for  deriving  structural  loads/  including  control  surface  deflections, 
are  determinable. 

Operational  loads  on  main  structural  components  have  been  evaluated  by  applying  a 
manoeuvre  model.  In  conclusion  a  comparison  of  extreme  operational  loads  evaluated  with 
the  manoeuvre  model  and  those  determined  by  the  design  requirements  (MIL-8861)  will  be 
given. 


1.  INTRODUCTION 

Aircraft  structures  are  designed  in  accordance  with  the  relevant  regulations  and  ba¬ 
sed  on  a  philosophy  defining  the  load  level  so  as  to  cover  all  loads  expected  in  servi¬ 
ce.  No  explicit  mention  is  made  of  the  correlation  between  design  loads  and  loads  in 
service.  In  practice,  manoeuvres,  especially  combat  manoeuvres,  are  flown  in  accordance 
with  given,  practiced  rules  that  lead  to  a  specified  motion  of  the  aircraft  in  space. 

This  fact  gives  rise  to  the  idea  of  analysing  the  manoeuvres  and  deriving  loads  from 
them. 

In  Germany,  an  ^valuation  of  Combat-NATO-Manoeuvres  is  being  made  with  the  aim  of 
deriving  operational  loads  by  analysing  measured  parameters  in  operational  flights.  The¬ 
se  parameters  include  the  time  history  of  the  aircraft  response  and  the  control  deflec¬ 
tions.  The  flights  have  been  performed  at  the  test  centre  of  the  German  Air  Force  on 
two  aircraft.  The  evaluation  of  the  manoeuvres  is  sponsored  by  the  Ministry  of  Defence 
and  will  be  continued. 

Within  the  scope  of  this  evaluation,  an  attempt  is  made  to  find  a  way  of  load  analy¬ 
sis  from  operational  manoeuvres  in  addition  to  the  applicable  design  specifications. 

The  evaluation  is  based  on  the  assumption  that  it  should  be  possible  to  standardize  the 
manoeuvres  trained  and  flown  by  the  Air  Force. 

This  means  in  detail  that  it  should  be  possible  to  find  a  standardized  time  history 
for  each  type  of  manoeuvre,  which  is  independent  of  the  extreme  values  of  the  relevant 
parameters.  Based  on  this  assumption,  it  was  analysed  how  the  evaluation  of  structural 
loads  could  be  . aalized  after  previous  standardization  of  manoeuvres. 


2.  STANDARDIZATION  OF  OPERATIONAL  MANOEUVRES 

The  parameters  of  the  aircraft  motion  should  be  chosen  in  a  way  that  recording  and 
evaluation  cause  minimum  expense.  This  can  be  achieved  by  using  parameters  available 
from  the  gyro  or  other  existing  systems  of  the  aircraft,  for  example  the  attitudes 
(Euler  angles)  and/or  angular  velocities  (roll,  pitch,  and  yaw  rates).  In  this  evalua¬ 
tion,  3  attitudes  (angle  of  pitch,  bank,  heading)  and  the  load  factors  (vertical  and  la¬ 
teral)  have  been  analysed  with  respect  to  the  feasibility  of  deriving  design  loads  in 
this  way. 

The  question  is,  which  are  the  response  parameters  to  start  with?  Three  possibilities 
were  investigated: 


Attitudes: 

Angular  rates: 

Load  parameters 

angle  of  bank 

♦ 

roll  rate  p 

load  factor  nz 

angle  of  pitch 

0 

pitch  rate  q 

load  factor  ny 

angle  of  yaw 

♦ 

yaw  rate  r 

roll  rate  p 

additional: 

pitch  rate  q 
yaw  rate  r 

»)  under  sponsorship  of  the  German  MOD 

and  Contract  Nr.  T/RF  43/. . ./A1413. . .C1451 
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Fig.  1  shows  the  flow  diagram  of  the  data  analysis.  With  all  three  input  sets  it  is  pos¬ 
sible  to 


-  complete  the  aircraft  response  parameters 

-  derive  control  deflections 

-  determine  structural  loads 

In  this  paper  the  load  parameters  as  input  have  been  applied. 

Because  several  manoeuvres  of  the  same  type  are  different  in  amplitude  of  motion  and 
in  manoeuvre  time,  for  a  requisite  comparison  a  two-dimensional  normalization  is  necessa¬ 
ry.  In  Fig.  2  the  procedure  of  normalization  is  illustrated.  The  ordinate  presents  one 
of  the  parameters  of  motion  (y  =  n2,  p,...)  for  several  manoeuvres  of  the  same  type 

(y-|.  Y2 ,...).  These  parameters  are  normalized  by  relating  them  to  the  maximum  value 
which  has  occurred.  That  means  the  maximum  value  of  each  normalized  parameter  becomes 
V  =  y^ (max)  «  y2(max)  =  1.0.  The  time  is  presented  by  the  abscissa  (t) ,  whereby  the 
executing  manoeuvre  time  is  marked  by  t-|  respectively  t2  for  several  manoeuvres.  The 
normalization  is  accomplished  in  a  way  that 

-  firstly,  the  manoeuvre  time  is  cho'.en  as  the  value  1.0 
(tj  =  t2  *  T  =  1.0) 

-  secondly,  the  extreme  values  of  the  relevant  parameters 
coincide  at  the  same  normalized  time. 


FIG.  I  POSSIBILITIES  OF  ANALYSIS  FIG. 2  NORHRLIZBTION  OF  PRRRtlETERS 


After  normalization  of  the  parameters  measured  the  arithmetic  mean  values  for  all  manoeuv¬ 
res  of  the  same  type  will  be  formed  and  corrected  with  respect  to  the  steady  state  at  the 
end  of  a  manoeuvre.  For  demonstration  of  the  normalized  parameters  and  the  formed  mean 
values  the  results  are  plotted  for  the  High-G-Turn  manoeuvre  in  Fig.  3.1  -  3.8. 

The  mean  values  of  all  normalized  parameters  for  all  manoeuvres  have  been  formed  in 
combination  with  smoothing  of  the  time  history.  For  reasons  of  compatibility,  the  nor¬ 
malized  data  have  to  be  tuned,  that  means  the  relation  between  Euler  angles  and  angular 
rates  is  verified  with  the  equations: 


P  =  $  -  ty  sin  0 

q  =  0  cos  4>  ♦  sin  <J>  cos  0 

•  • 

r  =-0sin<t>  ♦  cos<t>  cos  0 


NORMALIZED  MAN.  Title 


NORMALIZED  MAN.  Tine 


FIG. 3. 1  NORMALIZED  PARAMETERS  AMD  HERN  UALUES  FIG. 3. 2  NORMALIZED  PARAMETERS  AMD  MEAN  UALUES 
SEUERAL  H I GH-G-TURN-MANOEUURES  SEUERAL  HIGH-G-TURN-MANOEUURES 


NORMALIZED  MAN.  TIME  NORMALIZED  MAN.  TIME 

FIG. 3. 3  NORMALIZED  PARAMETERS  AND  MEAN  UALUES  FIG.3.4  NORMALIZED  PARAMETERS  AND  MEAN  UALUES 
SEUERAL  HI  GH-G-TURN-MANOEUURES  SEUERAL  HI  GH-G-TURN-MANOEUURES 


0*  01  <2  0  >  Of  •  *  0* 

NORMALIZED  MAN.  TIME 


NORMALIZED  MAN.  TIME 


FIG. 3. 7  NORMALIZED  PARAMETERS  AND  MEAN  UALUES  FIG. 3.8  NORMALIZED  PARAMETERS  AND  MEAN  UALUES 
SEUERAL  H I GH-G-TURN-MANOEUURES  SEUERAL  H I GH-G-TURN-MANOEUURES 
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The  result  Is  the  standardized  manoeuvre  containing  the  parameters: 


-  attitudes  4,  6,  p 

-  angular  rates  p,  q,  r 

-  load  parameters  n2,  ny 

The  standardization  procedure  is  shown  in  Fig.  4.  For  two  NATO-manoeuvres ,  the  standar¬ 
dized  parameters  are  presented:  -  High-G-Turn  in  Fig.  5.1  -  5.4 

-  High-G-Barrel-Roll  o.T.  in  Fig.  6.1  -  6.4 

This  standardization  procedure  has  been  applied  to  a  second  type  of  aircraft  for  the  sa¬ 
me  operational  manoeuvres.  For  the  High-G-Tum  manoeuvre,  the  comparison  of  the  main  pa¬ 
rameters  has  been  plotted: 

-  symmetrical  parameters  n2,  q  in  Fig.  7.1 

-  roll  parameters  4,  P  in  Fig.  7.2 

-  yaw  parameters  p,  r  in  Fig.  7.3 

In  general,  good  agreement  for  the  relevant  parameters  could  be  found. 


FIG. 4  STANDARDIZATION  OF  OPERATIONAL 
flANOEUURES 


FIG.S.l  STANDARDIZED  flRNOEUURE 
HIGH  -  G  -  TURN 


FIG. 5. 2  STANDARDIZED  MANOEUURE 
HIGH  -  G  -  TURN 


NORrlRUZED  nflN,  TlflE 


NORtlALIZED  (WM.  TIRE 


SO  01 
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FIG. 5. 3  STANDARDIZED  tlANOEUURE 
HIGH  -  G  -  TURN 


FIG.G.l  STANDARDIZED  tlANOEUURE 
HIGH  -  G  -  BARREL  OT 


FIG.S.4  STANDARDIZED  tlANOEUURE 
HIGH  -  G  -  TURN 


FIG. 6. 2  STANDARDIZED  tlANOEUURE 
HIGH  -  G  -  BARREL  OT 


FIG. 6.3  STANDARDIZED  tlANOEUURE 
HIGH  -  G  -  BARREL  OT 


FIG.  6. 4  STAND! IRD I  ZED  MRNOEUURE 
HIGH  -  G  -  BRRREL  OT 
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FIG. 7* 1  COMPARISON  OF  STANDARDIZED 
MANOEUVRES  OF  TUO  AIRCRAFTS 


FIG. 7.3 


COMPARISON  OF  STANDARDIZED 
MANOEUVRES  OF  TUO  AIRCRAFTS 


FIG. 7. 3  COMPARISON  OF  STANDARDIZED 
MANOEUVRES  OF  TUO  AIRCRAFTS 


3.  MANOEUVRE  MODEL 

The  procedure  of  the  manoeuvre  model  is  shown  in  Fig.  8  as  a  flow  chart.  As  input, 
standardized  parameters  are  used.  First,  the  boundary  conditions  have  to  be  determined, 
that  means 

-  manoeuvre  time,  THan 

-  maximum  load  factors,  nz,  ny 

-  maximum  bank  angles,  4 

Using  the  standardized  parameters  the  transformation  into  real  time  is  performed.  In  or¬ 
der  to  do  the  response  calculation  in  the  conventional  manner,  the  control  deflections 
are  determined  in  the  following  simple  manner: 

-  roll  control  \  ,  by  applying  roll-  and  yaw  equations 

-  pitch  control  t)  ,  using  the  steady  pitch  equation  taking  into  account  the 

symmetrical  aileron  deflection 

-  yaw  control  5  ,  by  applying  sideslip-  and  yaw  equations 

The  response  calculation  is  done  in  real  time,  but  for  the  purpose  of  checking  the  results 
with  respect  to  the  standardized  manoeuvres,  the  response  parameters  are  normalized. 

In  a  comparison  of  the  parameters  between  input  and  output  of  the  manoeuvre  model,  the 
standardization  is  checked.  In  the  case  of  conformity  of  main  parameters  of  the  response 
calculation  with  the  standardized  parameters,  the  output-parameters  are  considered  to  be 
verified.  These  verified  data  represent  the  model  parameters  for  structural  load  calcu¬ 
lation. 

In  Fig.  9.1  -  9.4  the  comparison  of  normalized  parameters  for  the  High-G-Turn  manoeuvre 
is  shown. 


■*»***+* 
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FIG.  8  MANOEUVRE  MODEL 
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FIG. 9. 1  COMPARISON  OF  NORMALIZED  PARAMETERS, 
nfltlOcu  RE  MODEL 


FIG. 9. 2 


COMPARISON  OF  NORMALIZED  PARAMETERS 
MRNOEUURE  MODEL 
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HORfMLIZED  MAN.  TII1E 


FIG. 9. 3  COMPARISON  OF  NORMALIZED  PARAMETERS, 
MANOEUURE  MODEL 


FIG. 9. 4  COMPARISON  OF  NORMALIZED  PARAMETERS, 
MANOEUVRE  MODEL 


4.  DETERMINATION  OF  EXTREME  OPERATIONAL  LOADS 

The  verified  standardized  parameters  of  the  manoeuvre  model  are  to  be  considered  as  a 
manoeuvre  with  mean  parameters.  For  deriving  the  extreme  manoeuvres,  the  main  parameters 
of  the  manoeuvre  model  are  scaled  up  to  the  extreme  values  to  be  obtained.  The  extreme 
values  can  be  assumed  with  reference  to  design  parameters  required  by  specifications 
(MIL-Spec.)  e.g. 

-  vertical  load  factor  for  rolling  pull  out 

-  maximum  roll  control  deflection  attainable  at  the  manoeuvre 
speed  to  be  considered. 


g 

9 

■ 

FULL  AILERON  REV 

10 

11 

6.5 

D 

100 

100 

HIGH-G-BARREL  ROLL  O.T. 

zo 

5.6 

4.0 

0. 12 

m 

360 

360 

HIGH-G-BARREL  ROLL  UN 

20 

6.8 

3.5 

IB 

0. 12 

IB 

360 

360 

HIGH-G-TURN 

8 

5.3 

m 

6.5 

0.25 

m 

90 

90 

ROLLING  ENTRIES  + 

PULL  OUT 

17 

H 

m 

6.5 

0.15 

_ 

D 

100 

100 

i  TABLE  MODEL  PARAMETERS  FOR  LOAD  ANALYSIS 

i 
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Tabl-3  1  shows  the  mean  values  and  the  assumed  corresponding  extreme  values  fcr  the  manoeuv¬ 
re  time  (THan) ,  load  factors  (nz,  ny) ,the  angles  of  bank  (4). 

For  determination  of  the  extreme  parameters  the  maximum  values  of  the  mean  parameters 
for  the  5  analysed  manoeuvres  have  been  scaled  up  to  the  load  factors  required  by 
MIL-8861  for  rolling  pull  out.  The  determination  of  the  extreme  manoeuvres  is  performed 
by  the  same  procedure  as  for  the  mean  manoeuvres,  but  applying  extreme  boundary  condi¬ 
tions  (Fig.  8) 
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8*WRl  bending  left  wing  root 

By  RF  BENDING  LATERAL  REAR  FUSELAGE 

Bz  Rr  BENDING  VERTICAL  REAR  FUSELAGE 

Z  HT  SHEAR  HORIZONTAL  TAIL 

Y  VT  SHEAR  VERTICAL  TAIL 


FIG. 10  STATIONS  Foe  '  OfiD  ANALYSIS 


For  the  extreme  manoeuvres  the  loads  on  the  following  main  structural  components 
have  been  analysed  as  shown  in  Flq.  10. 

-  bending  right  on  wing  root 

-  bending  left  on  wing  root 

-  bending  vertical  on  roar  fuselage 

-  bending  lateral  on  rear  fuselage 

-  shear  on  horizontal  tail  root 

-  shear  on  vertical  tail  root 

For  the  High-G-Turn  mane  euvre  the  extreme  operational  manoeuvre  parameters  are  plotted 
in  Fig.  11.1  -  11.4,  the  extreme  rperational  loads  in  Fig.  11.5  -  11.7,  and  the  control 
deflections  in  Fig.  11.8.  The  parameters  and  loads  are  plotted  as  normalized  values. 
For  the  normalization  the  values  ara  related  to  the  maximum  values  indicated  in  the 
diagrams. 


FIG. 11.1  EXTREME  OPERATIONAL  LOADS 
AND  PARAMETERS  HIGH-G-TURN 


FIG  xl.2  EXTREME  OPERATIONAL  LOADS 
AND  PARAMETERS  HIGH-G-TURN 
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FIG. 11.4  EXTREME  OPERATIONAL  LORDS 
AND  PARAMETERS  HIGH-G-TURN 


FIG.  U.6  EXTREME  OPERRTIONRL  LORDS 
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FIG. 11.8  EXTREME  OPERATIONAL  LORDS 
AND  PARAMETERS  HIGH-G-TURN 
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Up  to  now  the  evaluation  of  operational  manoeuvres  has  been  performed  for  the  follo¬ 
wing  5  manoeuvres: 


-  full  aileron  reversal 

-  hlgh-g-barrel  roll  over  the  top 

-  high-g-barrel  roll  underneath 

-  high-g-turn 

-  rolling  entries  +  pull  out 

The  control  deflections  plotted  in  Fig.  12.1  -  12.3  show  an  interesting  course  for  the 
five  individual  operational  manoeuvres.  In  three  manoeuvres  alternating  control  deflec¬ 
tions  have  been  found,  especially  roll  and  yaw  controls. 


In  detail: 

Numbers  of  alternating  deflections 

aileron 

rudder 

high-g-turn 

4 

4 

full  aileron  reversal 

3 

3 

rolling  entries 

2 

2 

The  control  deflection  course  in  high-g-barrel  rolls  occurs  in  one  direction  only.  For 
all  manoeuvres  the  pitch  control  deflections  show  a  moderate  course. 

Concerning  the  vertical  load  factor  shown  in  Fig.  12.4,  the  course  alternating  the 
most  is  caused  by  the  rolling  entries  and  the  full  aileron  reversals.  In  Fig.  13.1  - 
13.5  the  structural  loads  on  main  components  versus  manoeuvre  time  are  plotted.  Looking 
for  correlations  and  alternations  the  following  facts  may  be  stated. 


-  the  wing  root  bending  correlates  to  the  vertical  load  factor 
(Fig.  13.1  and  12.4) 

-  the  lateral  bending  on  the  r 'ar  fuselage  shows  a  simular  time  course  as 
the  load  on  the  vertical  tail 

(Fig.  13.3  -  13.5) 

-  the  horizontal  tail  loads  changing  the  most  are  found  at  rolling  entries 
and  full  aileron  reversal  manoeuvres.  During  these  manoeuvres  two  load 
peaks  occur  consecutively 

(Fig.  13.4) 

-  the  vertical  tall  loads  alternating  the  most  are  obtained  at  full  aileron 
reversal  and  hig-g-tum  manoeuvres  (Fig.  13.5).  For  each  of  these  manoeuv 
res  at  least  four  load  peak.',  can  be  counted. 


FIG. 12.1  PARAMETERS  FIG. 12.2  PARAMETERS 

EXTREME  OPERATIONAL  MANOEUVRES  EXTREME  OPERATIONAL  MANOEUVRES 


FIG. 12.  3  PARAMETERS 

EXTREME  OPERATIONAL  MANOEUVRES 
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5.  COMPARISON  OF  EXTREME  OPERATIONAL  LOADS  WITH  DESIGN  LOADS  REQUIRED  BY  MIL-8861 


In  the  design  requirements  ( 3 1  several  flight  conditions  are  specified,  distinguishing 
between 

-  symmetrical  flignt  conditions  -  pitching  manoeuvres 

-  asymmetric  flight  conditions  -  yawing  manoeuvres 

-  rolling  manoeuvres 

For  these  manoeuvres,  the  displacements  of  the  cockpit  control  are  specified.  Fig.  14 
shows  in  a  sketch  the  longitudinal,  lateral,  and  directional  control  displacement  time 
history.  For  comparison,  the  vertical  load  factor  and  the  structural  loads  on  the  main 
components  for  all  MIL-manoeuvres  have  been  calculated.  The  results  are  plotted  in  the 
same  manner  as  for  the  operational  manoeuvres . 

In  Fig.  15,  the  load  factors  are  presented.  At  a  glance,  a  moderate  course  of  the 
load  factor  during  all  manoeuvres  is  evident.  Fig.  16.1  -  16.5  show  the  loads  on  the 
wing,  rear  fuselage  and  the  tail  planes  where  the  load  factors  and  the  loads  have  been 
normalized  with  the  design  values,  e.g.  nz  (design)  «  8.0  equalling  1.0 

In  table  2  the  maximum  values  of  the  main  load  parameters,  the  structural  loads 
for  MIL-Manoeuvres ,  and  the  extreme  operational  manoeuvres  are  presented.  The  main  pa¬ 
rameters  are  absolute  values,  but  the  loads  have  been  normalized  by  the  design  loads. 

This  summary  showc  that  the  extreme  operational  structural  loads  are  lower  than  the 
design  loads  specified  by  MIL-8861.  The  load  level  is  about  66  %  of  the  symmetrical 
pitch  manoeuvres,  respectively  60  %  of  the  unsymmetrical  rudder  manoeuvre.  But  the 
frequency  of  control  deflections  and  of  structural  loads  for  operational  manoeuvres  is 
higher  than  the  frequency  that  results  from  design  requirements. 


n 

max. 

Z 

m  i  n. 

Oy 

P 

C  Vs  3 

P 

I  •  j 

BXUR 

ByRF 

B7RF 

ZHT 

YUT 

ROLL  180* 

0.90 

-3.2 

0.53 

203 

3.6 

0.22 

0.3? 

0.62 

-0.38 

0.59 

ROLLING  PULL  OUT 

6,  SO 

+3.3 

0.55 

124 

4.7 

0.9? 

0.31 

0.88 

0.54 

0.7? 

ROLL  360  • 

1.30 

-1.1 

0.28 

210 

1.8 

0.34 

0.33 

0.35 

-0. 18 

0.27 

RUDDER  KICK 

1.10 

+0.S 

0.83 

20 

7.5 

0. 18 

0.09 

1.00 

0.08 

1.00 

ABRUPT  PITCHING  A 

8.0 

+0.8 

0 

H 

0 

1.00 

1.00 

- 

1.00 

- 

ABRUPT  PITCHING  ^"\ 

8.0 

+0.3 

0 

■ 

0 

1.00 

0.57 

- 

1.00 

- 

FULL  AILERON  REUERSAL 

S.5 

+0.5 

0.43 

123 

4.1 

0.66 

0.22 

0.63 

0.53 

0.61 

HIGH-G-BARREL  ROLL  OT. 

5.0 

+G.6 

0.25 

17? 

0.51 

0.21 

0.48 

0.44 

0.40 

HIGH-G-BARREL  ROLL  UN. 

4.5 

+0.7 

0.40 

164 

0.46 

0.40 

0.53 

0.40 

0.52 

HIGH-G-TURN 

S.5 

+0.3 

0.50 

132 

0.65 

0.30 

0.54 

0.56 

0.56 

ROLLING  ENTRIES  + 

PULL  OUT 

6.5 

+0.5 

0.40 

139 

1.3 

0.64 

0.2? 

0.52 

0.5? 

0.48 

table  2  maximum  ualues  of  hr  in  lord  parameters  and  structural  loads 
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FIG. 14  COCKPIT  CONTROL  DISPLACEMENT  FIG. IS  LOAD  FACTORS  -  MIL  -  MANOEUURES 

MIL-A-009861 
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.16.1  STRUCTURAL  LOADS  tl I L-MANOEUURES  FIG. 16.2  STRUCTURAL  LOADS  MIL-MANOEUURES 


NORMALIZED  MAN.  TIME  NORMALIZED  MAN.  TIME 

FIG. 16.3  STRUCTURAL  LOADS  niL-MANOEUURES  FIG. 16.4  STRUCTURAL  LOADS  niL-MANOEUURES 
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6.  POTENTIAL  ASPECT!  FOR  FATIGUE  DESIGN 

Fatigue  load  prediction  and  monitoring  is  only  as  good  as  the  knowledge  of  the  magni¬ 
tude  and  the  frequency,  namely  the  load  parameters  espected  and  monitored  in  service. 

The  potentiality  of  the  manoeuvre  model  allows  the  realization  and  the  evaluation  of 
long-time  measurements  of  the  relevant  parameters.  The  recording  should  include  all 
fatigue-relevant  data,  such  as  mass  configuration  (weight,  C/G,  external  stores)  and  the 
data  describing  the  flight  profiles  (speed,  altitude,  flap  setting).  For  standardized 
manoeuvres,  the  manoeuvre  model  makes  available 

-  the  time  history  of  the  main  parameters  and  the  loads  on  the 
main  structural  components 

-  the  correlation  of  the  main  parameters  and  the  loads 

The  spectra  of  relevant  parameters  for  several  operational  manoeuvres  can  be  determined 
by  systematic  measurements  made  in  service.  Applying  the  manoeuvre  model  and  the  para¬ 
meter  spectra,  the  resultant  load  spectra  for  the  expected  mission  of  an  aircraft  can  be 
established.  That  means  the  manoeuvre  model  can  be  applied  for  fatigue  load  prediction 
and  fatigue  monitoring  as  well. 


7.  CONCLUSION 

For  the  manoeuvres  evaluated  a  standardization  of  relevant  parameters  of  motion  is 
feasible,  and  the  results  can  be  made  compatible  with  the  equations  of  motions  by 
smoothing  and  tuning.  It  could  be  shown  that  the  standardization  is  in  agreement  for 
the  evaluated  operational  manoeuvres  flown  by  a  second  aircraft  type.  The  parameters  of 
the  standardized  manoeuvres  are  used  in  a  manoeuvre  model  for  the  determination  of  the 
control  deflections. 

In  the  manoeuvre  model,  the  mean  values  or  the  extreme  values  of  parameters  and  the 
structural  loads  can  be  ascertained.  For  five  operational  manoeuvres,  extreme  structu¬ 
ral  loads  on  main  components  are  presented  and  discussed.  A  comparison  of  the  extreme 
operational  loads  evaluated  with  the  design  loads  required  by  MIL-8861  indicates  modera¬ 
te  load  sequences  but  higher  load  levels  for  MIL-manoeuvres . 

The  present  state  of  evaluation  has  led  to  the  following  results: 

-  the  manoeuvres  evaluated  can  be  considered  as  Standard  Manoeuvres  in 
normalized  time  and  amplitude  for  parameters  of  motion 

-  the  time  history  of  relevant  parameters  including  control  deflections 
and  thus  loads  occuring  during  operational  manoeuvres,  can  be  determined 

-  the  relationship  of  operational  parameters  ar.d  loads  acting  on  individual 
primary  structural  components  has  been  verified 

-  the  extreme  operational  loads  are  determinable  by  applying  main  load 
parameters  as  specified  in  the  regulations  e.g.  nz (max) ,  P(max)  etc.  or 
by  extreme  value  distributions  measured  in  service 

In  conclusion  the  statement  can  be  r.ade  that  the  measurement  of  few  relevant  parameters 
of  motion  is  sufficient  for  standardized  manoeuvres  to  derive  design  loads  for  static 
and  fatigue  design.  The  evaluation  might  be  improved  by: 

-  availability  of  a  greater  number  of  in-flight  manoeuvres  measured  for 
each  manoeuvre  type  flown  by  several  aircraft  including  those  with  active 

;  controls 

|  -  evaluation  of  other  manoeuvre  types,  if  possible  all  Standard  NATO  Ma- 

1  noeuvres  applying  the  manoeuvre  model 

-  systematic  recording  of  relevant  parameters  in  service  will  permit  spe¬ 
cific  load  evaluation  for  static  and  fatigue  design  for  various  manoeuv¬ 
res  and/or  missions. 

This  is  a  first  step  towards  determination  of  loads  from  operational  data  in  service 
while  keeping  expences  at  a  justifiable  level.  The  results  obtained  so  far  encourage  us 
to  continue  the  investigations,  with  improvement  of  recording  and  evaluating  accuracy 
being  clearly  possible. 
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TUTOR  TAIL  FLIGHT  LOAD  SURVEY 


SUMMART 


An  in-flight  structural  failure  of  the  Canadair  Tutor  aircraft  horizontal 
tall  fitting  resulted  in  the  initiation  of  a  joint  Canadian  Forces/Canadair 
flight  load  survey.  An  instrumented  test  aircraft  was  flown  to  the  extremes  of 
its  structural  envelope,  and  strains  were  recorded  at  43  different  locations  on 
the  rear  fuselage  and  the  empennage  of  the  aircraft. 

This  report  describes  the  test  instrumentation  used,  the  calibrations 
performed  on  the  test  article,  and  the  resulting  formulation  of  load  equations 
for  estimating  shear,  bending  moment  and  torque  at  various  locations  on  the  rear 
fuselage,  the  vertical  and  the  horizontal  stabilizer.  The  various  missions  and 
manoeuvres  flown  to  gather  the  necessary  data  are  discussed,  as  well  as  the  data 
acquisition,  verification  and  reduction  methods. 

1.0  INTRODUCTION 


on  the  evening  of  Hay  3rd,  1978  a  Canadair  Tutor  (CL-41A)  crashed 
while  engaging  in  the  aerobatic  performance  as  a  part  of  the  air  show  in  Grand 
Prairie,  Alberta,  Canada.  Specifically,  the  crash  occurred  while  the  aircraft 
was  executing  a  manoeuvre  called  the  Level  Triple  Roll  at  an  altitude  of  300 
feet  above  ground  level.  The  pilot  died  in  the  accident. 

The  subsequent  accident  investigation  identified  the  cause  factor  to 
be  the  failure  of  the  horizontal  stabilizer  attachment  fitting  in  the  Tee  tail 
of  the  aircraft  (see  Flg.l).  The  failure  resulted  from  the  fatigue  crack 
originating  at  the  radius  (point  A  in  Fig.  1),  which  had  weakened  the  fitting  to 
an  extent  where  complete  separation  occurred  during  the  application  of  the 
manoeuvering  load. 

This  distressing  event  raised  suspicions  in  the  mind3  of  many  that  the 
aeroplane  may  be  structurally  deficient  to  safely  withstand  its  current  usage, 
and  that  a  more  thorough  investigation  of  the  operational  load3,  as  well  as  of 
the  airframe  strength  may  be  necessary.  Thus  an  ambitious  program  was  born, 
tailored  specifically  to  evaluate  the  flight  load  environment  of  the  aircraft, 
to  be  followed  by  the  fatigue  and  damage  tolerance  analyses  of  the  critical 
areas  in  the  structure. 

To  confirm  the  requirement  foi  such  a  program  a  preliminary  flight 
load  survey  was  conducted  by  the  Canadian  Forces  Aerospace  Engineering  Test 
Establishment  (AETE)  in  Cold  lake,  Alberta  (Ref.  1).  This  survey,  which  took 
approximately  10  weeks  to  complete,  had  two  objectives  to  fulfill.  One  was  to 
identify  those  flight  manoeuvres  which  caused  high  asymmetric  loads  in  the 
horizontal  tail,  and  the  other  was  to  measure  the  relative  magnitude  of  these 
loads  for  both  the  aerobatic  display  role  and  the  training  role.  Both 
objectives  were  satisfactorily  met  and  the  results  indicated  that  certain 
manoeuvres  did  Indeed  produce  high  rolling  moments,  the  maximum  recorded  being 
110%  of  the  design  limit,  and  was  achieved  in  the  four-point  roll. 

The  Canadian  Forces  (CF)  operate  a  sizeable  fleet  of  Tutor  aircraft  in 
the  training  role.  Also,  the  same  aircraft  type  is  used  in  the  air  display 
role.  About  45%  of  the  training  fleet  aircraft  is  equipped  with  counting 
accelerometers  and  recorders  for  the  purpose  of  collecting  "G"  exceedance  data. 
All  of  the  Snowbird  Aerobatic  Display  Team  aircraft  are  equipped  with  the  same 
system.  To  date  the  computer  data  bank  contains  approximately  107000  hours  of 
data  collected  over  the  years  (Ref.  2).  This  data,  which  is  continuously 
updated,  is  used  to  periodically  calculate  the  remaining  fatigue  life  of  the 
Tutor  wing  root,  hitherto  considered  to  be  the  most  critical  area  in  the 
airframe. 

2.0  PROG RAH  OBJECTIVES 


The  accident  at  Grand  Prairie  indicated  that  the  wing  root  may  not  be 
the  most  critical  area.  There  could  be  other  areas,  more  severely  stressed 
under  certain  loading  conditions,  that  needed  investigating.  Accordingly,  the 
decision  was  made  to  concentrate  the  program  on  the  rear  fuselage  and  the 
empennage  of  the  airframe. 

The  program  objectives  were:  -  (Ref.  3) 

a)  To  confirm  by  means  of  a  flight  load  survey  the  maximum  design  limit 
loads  used  in  the  structural  analysis  of  the  CL-41A  aft  fuselage  and 
empennage  structure. 

b!  To  establish  for  the  various  mission  profiles  of  the  CL-41A  the 

frequency  of  application  and  magnitude  of  the  loads  applied  to  the  aft 
fuselage  and  empennage  structure. 
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The  detail  objectives  of  the  load  survey  was  to:- 

a)  Determine  loading  conditions  which  produced  the  critical  structural 
loads. 

b)  Determine  and  define  suspected  new  critical  loading  conditions. 

c)  Determine  the  frequency  and  magnitude  of  the  loads  for  the  various 
manoeuvre  profiles  of  the  CL-41A. 

d)  Verify  the  structural  loads  used  in  the  airframe  design. 

Essentially  the  program/  which  became  a  joint  CF-Canadair  venture,  was 

broadly  divided  into  three  phases: 

a.  Phase  One.  The  design  of  the  instrumentation  and  application  of  the 

strain  gauges  to  the  test  article  including  the 
calibration;  a  responsibility  of  Canadair  Ltd.; 

b.  Phase  Two.  Preparation  of  the  test  program,  actual  test  flying  and 

data  acquisition;  a  responsibility  of  CF;  and 

c.  Phase  Three.  Data  reduction  and  subsequent  fatigue  and  damage 

tolerance  analyses;  a  responsibility  of  Canadair  Ltd. 

This  paper  presents  the  various  steps  performed  in  order  to  reach  the 

stated  objectives. 

3.0  INSTRUMENTATION 

Canadair  identified  108  different  locations  for  possible  strain 
monitoring.  Each  of  these  locations  received  two  strain  gauge  bridges,  one 
primary  (or  main),  and  one  secondary  (or  back-up).  Two  different  types  of 
strain  gauges  were  used  depending  on  the  kind  of  loading  anticipated  in  a  given 
location:  the  end  load  type  for  tension,  compression  and  bending  such  as  in 
sparcaps  and  flanges,  and  the  shear  load  type  for  shear  and  torsion  in  webs, 
skins  and  torque  tubes  (Ref.  4).  The  bridges  were  installed  at  the  zones  shown 
in  Fig.  2.  An  example  of  bridge  location  is  shown  on  Fig.  3. 


Flight Parameter  Recorders 


The  right  hand  seat  in  the  cockpit  of  the  test  aircraft  had  been 
removed  in  order  to  install  the  Standard  Aircraft  Instrumentation  package 
(SAIS).  The  SAIS  consisted  of  the  following  main  components  (see  Fig.  4). 


a.  Signal  Conditioning  Units  (SCUs) 

b.  Power  Distribution  Centre  (PDC) 

c.  Pulse  Code  Modulation  (PCM)  Encoder 

d.  Control  Panel 

e.  Precision  Power  Supply  (PPS);  and 

f.  Bell  and  Howell  MARS  2000  Tape  Recorder. 

The  general  layout  of  the  Tutor  SAIS  is  shown  in  Fig.  4.  The  wiring 
harness  extended  to  all  areas  of  the  aircraft  where  sensors  were  mounted.  The 
signal  conditioning  Printed  Circuit  Boards  (PCBs)  were  designed  and  produced  by 
AETB's  Flight  Test  Instrumentation  Section.  Power  to  the  SAIS  installation  was 
provided  through  the  two  static  inverters  and  a  Power  Distribution  Centre  and 
was  controlled  independently  of  other  aircraft  systems  through  the 
instrumentation  package  control  panel.  The  PPS  package  provided  a  stable  and 
precise  power  for  transducer  excitation  and  to  the  SCUs.  The  Programmable  Data 
Acquisition  System  (pDAS)  was  a  Pulse  Code  Modulation  (PCM)  encoder  capable  of 
encoding  128  parallel  signals  into  a  serial  PCM  digital  signal  for  on-board 
recording  and  telemetry  transmission  to  a  ground  receiving  station.  The  pDAS 
was  programmed  to  record  74  measurements  in  addition  to  time  pulse  at  a  rate  of 
66.5  samples/sec  with  11  bits  per  word  for  a  resolution  of  0  to  2047  (Ref.  5). 

In  addition  to  the  above  instrumentation,  a  separate  Flight  Test 
Monitoring  Unit  ( FTMU )  was  designed  and  manufactured  by  AETE  specifically  for 
this  program.  The  purpose  of  the  FTMU  was  to  allow  project  engineers  to  monitor 
the  missions  by  providing  to  them  instantaneous  information  via  telemetry  on 
flight  parameters  and  the  resulting  loads  acting  on  the  rear  fuselage  and  the 
empennage  of  the  test  aircraft.  Such  data  reduced  the  risk  of  dangerous 
manoeuvres  and  minimized  flying  mission  time  by  instantaneously  indicating  to 
the  engineers  whether  or  not  it  is  safe  to  proceed  to  the  next  test  point, 
without  having  to  land  the  aircraft  to  analyse  data  before  proceeding.  The 
information  on  specification  and  design  details  of  FTMU  can  be  found  in  Ref.  5. 
The  test  aircraft  was  also  equipped  with  a  nose  boom,  which  provided  static  and 
dynamic  pressure,  angle  of  attack  and  side  slip  data. 


4.0  LOAD  CALIBRATION 


Canadalr  Calibration 


In  order  to  determine  the  correlation  between  the  bridge  readings  and 
the  external  load,  a  load  calibration  was  carried  out  (Ref.  6),  This 
calibration  consisted  of  applying  load  at  various  locations  listed  in  Table  3. 

The  load  was  applied  using  one  or  two  manually  operated  hydraulic 
jacks.  Each  jack  was  fitted  with  a  pre-calibrated  load  cell. 

For  each  loading  point  the  maximum  load  to  be  applied  was  previously 
determined  to  avoid  any  structural  damage.  In  order  to  account  for  the 
hysteresis  of  the  structure  and/or  the  gauges,  an  "exercise"  run  was  done  before 
the  actual  calibration.  This  "exercising"  consisted  of  applying  the  maximum 
load  on  the  loading  point  and  coming  back  to  zero.  The  calibration  loads  were 
applied  in  31  increments  covering  3  full  cycles.  Each  calibration  increment 
represented  20%  of  the  maximum  load  applied.  The  bridges  and  load  cells  outputs 
were  recorded  at  each  of  the  loading  increments.  To  ensure  that  the  operations 
were  progressing  normally,  an  output  hand-check  was  performed  on  selected 
bridges. 

The  recording  equipment  consisted  oft 

1  Bruel  and  Kjaer  Strain  Indicator  (Type  1S26). 

1  Bruel  and  Kjaer  Multipoint  Selector  and  Control  (Type  3544). 

10  Bruel  and  Kjaer  Multipoint  Selectors  (Type  1545). 

This  equipment  read  the  load  cells  and  bridges  output  and  directly 
converted  it  into  indicated  strains.  The  data  was  then  checked  for  overflows 
and  stored  on  a  Hewlett-Packard  HP-9825A  cassette. 

Each  cassette  contained  6  load  cases  or  198  files.  This  was  then 
transferred,  with  a  Hewlett-Packard  HP-1000  computer,  onto  a  tape  compatible 
with  IBM  370  tape  drives  which  was  U3ed  for  data  reduction. 

AETE  Calibration 


The  AETE  ground  calibration  of  the  strain  gauges  was  accomplished  by 
applying  loads  to  the  designated  surface  contact  points  using  the  load  jig  and 
wiffle  tree  arrangement.  The  calibration  loads  amounted  to  55%  of  the 
anticipated  flight  loads.  The  calibration  procedure  :  .svealed  several 
insensitive  gauges  which  had  to  be  replaced.  This  in  turn  necessitated 
recalculation  of  the  original  load  equation  matrix,  which  now  became  Version 
Two.  Early  into  the  flying  phase,  within  the  first  three  flights,  it  became 
apparent  that  certain  strain  gauges  were  quite  sensitive  to  the  temperature  and 
carry-over  effects.  These  sensitivities  manifested  themselves  through  changes 
in  gauge  zero  points  on  the  ground  immediately  following  engine  starts,  and 
through  erratic  trends  in  shear  and  bending  moment  values  obtained  in  flight. 
Consequently,  test  flying  had  to  be  interrupted  to  conduct  another  temperature 
survey  of  the  gauges,  but  this  time  over  a  wider  range  than  was  done 
previously. 

5.0  BRIDGE  SELECTION 

The  flight  recording  system  limited  the  number  of  bridges  to  be  read 

to  43. 


In  order  to  select  the  more  accurate  bridges,  the  following  criteria 

were  used: 

Bridge  Response  and  Linearity 

The  bridges  were  selected  according  to  their  response  to  the  various 
inputs.  Gauges  were  chosen  which  had  linear  and  adequate  response  and  those 
gauges  which  showed  non-linear  or  negligible  response  were  rejected.  This 
assumed  that  the  gauge  in  question  was  expected  to  respond.  For  example,  the 
outboard  gauges  on  the  horizontal  stabilizer  were  unlikely  to  respond  to  applied 
fin  loads  but  were  not  rejected  unless  they  also  failed  to  respond  to  loads 
applied  in  their  region  of  the  horizontal  stabilizer. 

Bridge  Duplication 

In  some  areas,  bridges  were  only  duplicating  others  and  were  kept  as 
replacements  in  the  eventuality  of  a  malfunction. 

Temperature  Sensitivity 

Even  though  the  bridges  were  temperature  self-compensating,  some 
bridges  were  affected  by  temperature  variation.  In  order  to  detect  this,  two 
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temperature  surveys  were  carried  out  and  only  the  bridges  with  minimal 
temperature  changes  were  selected. 

Offset  Limitation 


In  order  to  avoid  difficult  signal  conditioning  and  noisy  results,  the 
offsets  were  limited  to  15  mV. 

Carry-Over  Effect 

Some  bridges  on  the  horizontal  tail  were  affected  by  a  loading  applied 
on  the  opposite  side  of  the  tail.  These  bridges  were  not  used. 

Of  the  216  initially  installed  bridges,  10  were  rejected  by  Canadair 
in  the  Initial  temperature  survey  for  oversensitivity,  11  wore  found  not 
functioning  under  lo.d  calibration,  and  another  17  had  to  be  rejected  on  the 
grounds  of  overly  critical  offset  effects.  Of  the  remaining  178  gauges,  43  were 
surveyed  over  a  wider  temperature  range  (20  C  degrees)  resulting  in  the 
substitution  cf  another  12.  Analysis  of  the  calibration  data  and  the  results 
obtained  in  the  first  three  test  flights  before  flying  was  terminated,  indicated 
that  significant  carry-over  effects  were  still  present.  Several  procedures  were 
considered  to  eliminate  this  undesirable  phenomenon,  such  as  In-flight 
temperature  soak  and  roller  coaster  flight  technique  to  establish  a  test  zero 
condition  before  and  after  each  manoeuvre.  All  were  Judged  unsuitable  and 
discarded  due  to  the  extra  time  requirement  in  a  mission  conflicting  with  the 
endurance  of  the  test  aircraft.  The  difficulty  was  solved  by  the  use  of  a 
computer  program  which  permited  the  determination  of  temperature  sensitivity  and 
the  carry  over  effect  of  each  bridge.  This  resulted  in  a  greatly  improved 
matrix  of  load  equations  (Version  Three) . 

6.0  LOAD  EQUATIONS 


The  load  equations  were  developed  based  on  the  calibration  of 
strain-gage  installations  on  aircraft  structures.  The  simplest  relation  between 
the  output  of  a  strain-gage  bridge  and  the  loads  (shear,  moment,  and  torque)  was 
expressed  by  the  following  linear  equation  (Ref.  7): 

m 

V  -  Cx  Ri  +  c2  R2  + . +  Ci  Ri  + . +  Cm  R*  «  s  CL  Ri 

Where  v  is  the  load  to  be  estimated  (Shear  or  Moment)  *  * 

R,  is  the  reading  of  bridge  #i. 

and  is  a  constant  for  bridge  #i. 

A  computer  program  had  been  developed  to  evaluate  the  bridge  constants 
and  to  resolve  the  above  equation  based  on  the  theory  defined  in  Reference  7. 
This  computer  program  also  computed  the  orobabl  -  error  of  each  load  equation  so 
that  the  irrelevant  bridges  and  redundancy  ob"1  h°  eliminated.  This  allowed 
the  achievement  of  more  accurate  and  reliable  load  equations. 

The  following  load  equations  were  derived  for  the  rear  fuselage  and 
empennage  of  Tutor  aircrafti 

a) 


b) 


c) 


I 


Horizontal  Stabilizer  (Figure  5) 

The  load  equations  for  Shear  (Fz),  Bending  moment  (Mx)  and  Torque  (M  ) 
at  Station  7  on  the  port  and  starboard,  and  at  stations  30  and  54  on* 
the  port  side  were  produced. 

As  example,  the  total  shear  in  Z-direction  is  calculated  using  the 
following  equation  (Port  side,  station  7 ): 

f2  =  0.18843  R21p  +  0.65534  R22p  +  0.048491  RJlp 

+  0.38388  R66s  -  0.14457  R41p 

Vertical  Stabilizer  (Figure  6) 

The  load  equations  for  Shear  (Fy),  Bending  Moment  (Mx)  and  Torque  (Mz) 

at  Station  15  were  produced:  *  ■ 

As  example,  the  Bending  Moment  Equation  is:  ] 

Mx  =  3.7029  R70p  +  3.9516  R?2p  +  21.194  R7?g  7 

-  17.861  R78s  +  8.9268  Rglp  -  7.6252  Rg2p  , 

Rear  Fuselage  (Figure  7)  1 

j 

The  load  equations  for  Shears  (Fy  &  Fz)  and  Moments  (Mx,  M„  S  Mz)  at  | 

fuselage  Station  370  were  produced.  1  1 


As  example!  the  Torque  Equation  1st 


Mx  »  -2.0039  Rgg  -  58.530  Rnp  -  60.123  R12s 
-1.2554  R15p  +  8.0060  R16p 
7.0  DATA  ACQUISITION 

All  data  generated  during  the  flight  test  phase  was  recorded  on  board 
the  test  aircraftt  and  later  suitably  reformatted  for  reductic-i  by  Canadair.  In 
addition/  selected  data  was  transmitted  through  telemetry  to  the  Plight  Test 
Monitoring  Unit  (FTMU)  located  on  the  ground,  for  simultaneous  real  time 
processing.  As  mentioned  before,  this  was  very  useful  to  the  project  engineers 
controlling  a  mission  from  the  Flight  Test  Control  Room  ! FTCR) .  It  proved 
invaluable  from  the  flight  safety  point  of  view  on  several  occasions,  when  any 
of  the  load  parameters  approached  dangerously  close  to  previously  estimated 
limit  load,  or  even  exceeded  it.  On  such  occasions  the  test  pilot  was 
immediately  advised  to  terminate  tho  test  flight  and  return  to  bage  for 
consultation.  Each  exceedance  was  carefully  analyzed  and  the  exceeded  limit 
load  extrapolated  to  the  "G"  limit  of  the  aircraft.  The  new  design  limit  load 
was  thus  established  and  the  test  point  rsflown  if  necessary  to  confirm  the 
analysis.  The  higher  design  limit  was  allowed  only  when  the  Margin  of  Safety  in 
the  corresponding  critical  area  was  positive.  This  approach  was  used  on  several 
occasions  to  extend  the  limit  load  and  allow  the  aircraft  to  fly  a  test  point 
which  was  on  the  limit  of  the  "G*  envelope  of  the  aircraft. 

Event  Marking  System 

An  event  marking  system  was  designed  into  the  data  acquisition  system 
which  enabled  individual  manoeuvres  to  be  located  on  any  data  tape. 

Flight  Tasting 

The  flight  load  survey  program  consisted  of  operating  an  aircraft, 
with  an  Instrumented  and  calibrated  aft  fuselage  and  empennage,  within  the  limit 
structural  design  envelope  to  measure  the  resulting  loads.  The  test  flights 
included  the  extremes  of  the  envelope. 

Flight  testing  was  grouped  into  two  main  objectives:  Military 
Specification  Manoeuvres  and  Mission  Profiles.  The  objectives  were  to  establish 
through  tests  what  loads  actually  existed  in  the  aft  fuselage  and  the  empennage 
of  the  aircraft  during  the  limit  conditions  encountered  in  flight.  All  test 
flights  were  flown  during  daytime  under  visual  meteorological  conditions.  All 
MIL  SPEC  manoeuvres  were  performed  at  the  Primrose  Lake  Evaluation  Range  (PLF.R), 
a  Canadian  Forces  testing  facility  in  northern  Alberta.  The  missions  were 
continuously  monitored  by  the  Project  Engineers  manning  the  FTMU.  All  missions 
were  flown  in  clean  configuration  at  the  maximum  forward  centre  of  gravity, 
except  for  one  aft  CG  mission.  The  Snowbird  formation  profiles  were  flown  out 
of  the  Canadian  Forces  Base  Moose  Jaw,  the  team’s  home  base.  The  actual  test 
flying  commenced  on  27th  November,  1979  and  was  finally  completed  on  20th  May, 
1982.  The  program  required  75  sorties  and  consumed  130  flying  hours  including 
all  the  necessary  calibration,  test  and  ferry  flights. 

Hllitary  Specification  Manoeuvres 

All  the  basic  manoeuvre  requirements  of  MIL  SPEC.  MIL-A-8871A 
applicable  to  the  military  trainer  category  were  flown.  These  manoeuvres 
included  symmetrical  pull-ups  and  push-downs  with  normal,  abrupt,  and  abrupt 
with  checking  Inputs,  rolls  and  rolling  pull-outs,  side  slips,  rudder  kicks, 
deceleration  device  extensions  which  were  all  performed  at  the  forward  C  of  G. 
The  manoeuvres  of  pull-ups,  rudder  kicks,  and  deceleration  device  extensions 
were  performed  at  the  aft  C  of  G  of  the  aircraft.  Other  manoeuvres  were  spins 
with  and  without  external  tanks,  spins  with  speed  brakes  extended,  and  inverted 
spins.  Refer  to  Tables  2  and  3  for  more  specific  information. 

Mission  Profiles 


The  mission  profiles  (Ref  8)  flown  in  this  program  could  be  divided 
into  three  major  categories:  those  flown  in  the  training  role,  the  solo 
aerobatic  role,  and  the  formation  aerobatic  role.  The  training  rolu  missions 
were  flown  in  accordance  with  the  Canadian  Forces  training  guidelines  and 
consisted  of  the  following  profiles:  Clear  Hood,  Formation,  Cross-Country, 
Navigation,  Instrument,  and  Maintenance  Test  Flights  (Ref.  8).  The  two  latter 
ones  duplicated  actual  missions  flown  by  the  Canadian  Forces  Snowbird 
Demonstration  Team  during  their  air  shows.  Also,  to  make  them  as  realistic  as 
possible,  the  formation  profiles  were  flown  by  the  Snowbird  team  members  using 
the  test  aeroplane  in  the  two  most  severe  formation  positions,  the  Second  Line 
Astern  and  the  Outer  Right  Wing.  (Fig  8) 


8.0  DATA  REDUCTION  t  ANALYSIS 
8 . J  Date  Verification 


On  receipt  of  flight  load  data  tapes,  a  computer  program  verified  the 
following  items i 

Time 


The  information  about  starting  and  finishing  time  for  any  manoeuvre  or 
event  ptovided  by  the  pilot  was  compared  with  the  "Event  Mark"  (Ref.  Section  7) 
registered  on  the  tape.  This  check  gave  assurance  that  the  information  stored 
on  tape  corresponded  to  the  specific  manoeuvre  or  event  expected. 

Saturation 


As  mentioned  in  Section  3,  the  "PDAS"  limit  values  were  0  and  2047. 
When  d'.ca  reached  one  of  these  values,  a  plot  of  "PDAS  value  vs  time"  was  done 
(Fig.  9  i  10).  From  this  plot,  it  was  possible  to  determine  if  the  saturation 
was  caused  byi 

1)  Input  Error  (Spikes  as  in  Fig.  9) 

In  that  case  the  corresponding  data  was  rejected. 

2)  High  Loads  (Smooth  curve  a*  in  Fig.  10) 

That  saturation  indicated  that  the  maximum  expected  output  had  been 
exceeded.  The  actual  value  could  be  extrapolated  or  the  flight  had  to 
be  repeated  with  new  limits  for  this  bridge, 

8.2  Data  Reduction 


Manoeuvre  Flights 

These  flights  were  used  to  determine  the  maximum  load  to  be  used  in 
the  3tatic  analysis. 

For  each  flight,  the  maximum  load  registered  for  each  location  (Ref. 
Section  6)  was  compared  with  the  load  used  for  the  static  analysis,  when  the 
recorded  load  was  higher,  a  new  margin  of  safety  was  calculated,  as  explained  in 
Section  7. 

Mission  Flights 

The  mission  flights  were  used  to  produce  the  load  spectra  for  the 
various  mission  profiles  of  the  CL-41A.  The  flight  data  from  AETE  missions 
(Section  7)  were  reduced  event  by  event  using  a  Ralnflow  and  Peak  Between  Zero 
(PBZ)  counting  methods  (Ref.  9  and  10)  to  produce  a  load  spectrum  for  each 
event. 


These  spectra  were  then  factored  to  suit  the  current  CF  usage  and 
combined  to  produce  a  total  load  spectrum  for  an  aircraft  mission.  A  further 
combination  was  applied  to  give  a  load  spectrum  for  each  of  the  following 
aircraft  roles; 

a.  Trainer 

b.  Snowbird  Formation  (aerobatic) 

c.  Snowbird  Solo  (aerobatic) 

The  PBZ  spectra  were  used  for  graphical  comparison  of  the  three  roles 
as  shown  in  Fig.  11. 

The  Rainflow  spectra,  being  more  reliable,  are  used  in  the  Fatigue  and 
Damage  Tolerance  Analysis.  (Ref.  11  and  12) 

9.0  RESULTS  AND  DISCUSSION 

Almost  from  the  very  beginning  of  flight  testing  it  became  evident 
that  certain  MIL  SPEC  manoeuvres  would  generate  loads  approaching  or  exceeding 
the  estimated  safe  load  limits,  in  some  cases  substantially  below  the  stated  "G" 
limits  of  the  airframe.  All  exceedances  were  analytically  investigated,  and 
where  considered  prudent,  the  safe  load  limits  were  extended  to  allow  for  the 
repeat  of  the  test  point.  In  all  instances  except  one  the  Margin  of  Safety  was 
greater  than  zero.  The  one  exception  was  the  vertical  fin  bending  moment  which 
indicated  a  Margin  of  Safety  of  -0.06  based  on  a  conservative  analysis.  This 
occurred  in  the  solo  aerobatic  profile,  as  a  result  of  one  manoeuvre,  the  abrupt 
4-point  roll,  a  manoeuvre  which  has  since  been  discontinued.  After  considerable 
thought  it  was  decided  to  increase  the  safe  limit  based  on  the  fact  that  a 


static  strength  test  or.  one  of  the  prototypes  <1  smonstrated  adequate  strength  in 
that  area  without  failure*  generating  a  Margin  of  Safety  of  0.19. 


In  general  the  flight  test  phase  of  the  program  was  considered 
extremely  successful.  It  indicated  in  many  instances  that  the  loads  Imposed  on 
the  airframe  at  the  extremities  of  the  load  factor  (G)  envelope  were  higher  than 
expectod  by  the  manufacturer  or  the  operator.  The  vast  amount  of  data  collected 
during  the  ccurne  of  flight  testing  phase  was  turned  over  to  Canadalr  for  their 
use  in  the  Fatigue  and  Damage  Tolerance  Analysis. 
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TABLE  1 

CALIBRATION  DATA  (Ref  3) 


COMPONENT 

CALIBRATION  LOAD  POSITIONS 

Aft  Fuselage 

Vertical  shear,  side  shear,  and  torque 
applied  at  tall. 

Horizontal  Stabilizer 

Vertical  loads  to  produce  shear,  bending 
moment  and  torque. 

Vertical  Stabilizer 

Side  loads.  Also  a  moment  load  applied 
by  means  of  the  horizontal  stabilizer. 

Elevator  and  Control 

Rods 

At  all  hinge  locations  on  the  fixed 
surface  and  all  control  rods. 

Rudder  and  Control 

Rods  ' 

At  all  hinge  locations  on  the  fixed 
surface  and  all  control  rods. 

Dive  Brake 

On  the  actuator  support  structure  and 
dive  brake  surface. 

Miscellaneous 

Horizontal  stabilizer  forward  attachment 
link. 

[i -w"  w 
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TABLE  2 


BASIC  MILITARY  SPECIFICATION  MANOEUVRES  (Ref  5) 
(MIL-A-887) A ) 


•  Has  lam  (MIL 
60  It 
180  lb 
300  ib 


SPEC  perai|»ilble)  pilot  effort  where  specified  l»  it  follow*: 

-  aileron  control  column  for  «IxIma  dl  ipleee<we«t 

-  rudder  control  lore*  for  displacement  and  return 

-  rudder  control  fore#  for  •** displacement 


I*  TMm  point*  TO  tha  MtlMtfd  buffet  onsat  toead.  at  the  load  factors  spnclfled. 


TABLE  3 


SPINS-MIL  SPEC  REQUIREMENTS  (Re£  5) 


•0‘M'  -  -  *y<W=W ^=*-*»*’* 


DESCRIPTION 

WEIGHT 

ALT 

FLAP  DIVE 

CP  TEST 

(lb)  CG 

(ft) 

(deg)  BRAKES 

Tall  Loads  In 
Spinning 
Manoeuvres 
(Smooth  upright 
Spins) 

Opt  Fwd 

25,000 

0  Retr 

Tall  Loads  In 

Spinning 

Manoeuvres 

Opt  Fwd 

15,000 

0  Retr 

Tall  Loads  In 
Spinning  with 
Dive  Brakes 
Fully  Extended 

Opt  Fwd 

25,000 

0  Ext 

Tall  Loads  In 
Inverted  Spins 

Opt  Fwd 

25,000 

0  Retr 

Tell  Loads  In 
Spinning  with 
External  Tanks 

Opt  Fwd 

25,000 

0  Retr 

TEST  SWMART 


torso  I  five  turn  spins 
ccrrled  out  right,  end 
left,  with  aileron  and 
entry  et  1.0,  2,5  and 
3.5  g. 

NotctoI  five  turn  spins 
carried  out  right  and 
left  with  neutral, 
pro- spin,  and  ant  I -spin 
ailerons  from  entry  at 
1.0,  2.5,  and  3.5  g. 

With  dive  brakes  fully 
extended  right  and  left 
spins  of  five  turns  each, 


As  defined  by  A£TE 
As  defined  by  AE7E 
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MIL  SPEC 
REFORMS 
A-887IA 

(Para) 

DESCRIPTION  C t  TEST 

VEl«C 

(lb* 

CC 

ALT 

(ft) 

FLAP 

(dog) 

EAS 

(kt> 

10A0 

FACTOR 

1*1 

MAX* 

PILOT 

(7FCR 

(lb) 

TEST  SU'fAAT 

i 

i 

4.3.1 

Noraal  Sywwatrlcsl 

6,900 

•wd 

3,000 

0 

420 

7.33 

A* 

Critical  positive 

( 

^cll-Up 

3,000 

297 

Raq 

wing  load* 

. 

14,000 

**326 

1 

4.3.2 

Noraal  Sjertctrlcal 

6,900 

F.d 

3.000 

0 

423 

-3.0 

As 

Critical  negative 

3uih*Ocwn 

3,000 

433 

-1.0 

R«* 

wing  toed* 

4.3.9 

Abrupt  Coordinated 

6,  *00 

vd 

3,000 

0 

300 

3.87 

60 

Combined  horizontal 

i 

?ol 1 Ing  Pul l-out 

l  vertical  tall  load* 

4.3.3 

l*l©-aal  Uncoordinated 

6,900 

•wd 

5,000 

0 

**420 

3.87 

60 

Critical  wing  torsion 

to! 1 Ing  Pul l-out 

5,000 

433 

-1.0 

60 

Raf 

Abrupt  Uncoordinated 

6,900 

■wd 

5,000 

0 

360 

3.87 

A* 

A*  Defined  by  <*£TE 

3-2 

360*  Roll  with  Abrupt 

RaR 

*ul l-up 

4.5.6 

Abrupt  Sr*v*«trlcal 

6,900 

'*d 

3,000 

0 

•*420 

7.33 

Al 

Critical  down  lo*d 

smI 1 -Up 

Req 

bn  horizontal  tail 

4.3.i 

Abrupt  Sfwnatr leal 

6,900 

f  wd 

3,000 

0 

••420 

7.33 

A* 

Xtlctl  ip  and 

*u  1  l-up  with  A* 

t 

••297 

Aeq 

down  loads  on 

Checking 

Aft 

horizontal  tall 

4.3.8 

Abrupt  SyaPOtr Ice  1 

6,900 

fwd 

5,000 

0 

433 

-1.0 

At 

Xtlcel  torque  on 

»ush-Oown  with  Abrupt 

horizontal  tall 

4.3.14 

Landing  Approach 

7,000 

Fwd 

3,000 

40 

140 

4.0 

** 

Saar- down  landing 

approach 

:on figuration 

4.3.16 

Judder  Manoeuvre-H  1 gh 

6.90C 

Fwd 

3,000 

0 

230 

1.0 

180 

Xtlcal  vertical 

Speed  Steady  Sldatllp 

330 

tall  loads 

-  Rudder  Raver *ad 

423 

4.3.17 

Rudder  Kick  Kano euv.'e 

6,900 

Aft 

3,000 

0 

-433 

1.0 

180 

Critical  vertical 

with  Abrupt  Raturn 

tall  loads 

4.3.18 

rtudder  Kick  k'anoauvras. 

7,000 

Fwd 

5,000 

40 

140 

1,0 

300 

Srltfcal  vartlcal 

for  Land  lag  Approach 

tall  loads 

4.3.3 

Steady  State  Taw 

6,900 

Fwd 

3,000 

0 

-433 

1.3 

300 

Critical  vertical 

Manoeuvres 

9.000 

350 

tall  loads 

3,r>* 

250 

4.3.10 

Abrup*  Uncoordinated 

6,900 

Fwd 

5,000 

0 

-420 

3.87 

60 

Xtlcal  combined 

Rolling  Pull-out  with 

horizontal  and 

Abrupt  Checking 

vortical  tall  loads 

4.3  11 

Abrupt  Coordinated 

6.900 

Fwd 

5.000 

0 

-420 

3.87 

60 

180  Oagreo  Roll 

4.3.12 

Abrupt  Uncoordlnatad 

3.900 

Fwd 

3,003 

0 

-420 

3.C7 

60 

180  Oagrae  Ro*l 

4.3.13 

Abrupt  Uncoordlnatad 

6,900 

F.d 

3,000 

0 

-429 

3.87 

60 

360  Oagree  Rol 1 

4.3.20 

Deceleration  Device 

6.900 

Fwd 

5,000 

-420 

7.33 

A* 

Prltlcal  alrbraka 

Eaten* Ion 

A 

433 

-1.0 

Req 

catanslon  cases 

Aft 

_ 

I 
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(EXAMPLE)  HORIZ.  STAB.  STA.  11.00 

U\  1-  ►  I-  >■  4 -  +  +  »  -ij-V'VVtl-  -t-  •!•  -yi-f  4  +  4-4-  4  4-|t  -  +  4  + 

%  4-'U  :rr-  T*  +  ‘■-+if  L  Cr 


X* 

\*r  \EN0  LOAD  STRAIN  OAUQES 

FRONT 

SPAR 


MAIN 

SPAR 


END  LOAD  STRAIN  GAUGES 


5 SHEAR  LOAO  STRAIN  GAUGES _ II I  ^ _ SHEAR  LOAt 

|  'll" 


LOAD  STRAIN  GAUGES. 


Figure  3  -  Typical  Strain  Gauge  Location 


AC 

NON  ESSENTIAL- 
BUS  LINE 


H 

STATIC  INV.1 

h 

H 

STATIC  INV.2 

_ 

POWER 

DISTRIB 

CENTER 


CONTROL 
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PRECISION 

POWER 

SUPPLY 

+  15  VDC 
+ 10 VDC 
+  5VDC 

PPS-1  - 

MO  VCC 

PPS 

FLOATING 

+  5  VDC 

SCU-1 

SCU-2 


MARS 

2000 


VOICE 

RECORD 


TRANSDUCERS 


- POWER  LINE 

- SIGNAL  FLOW  LINE 


Figure  4  -  General  Layout 
CL-41A  SAIS 


i 


Figure  7  -  Rear  Fuselage 
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Figure  9  —  Gauge  Reading  Spike 

Example 
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Figure  10—  Gauge  Reading 
Saturation  Exampie 


Figure  11  —  Load  Spectra  Example 
Port  Horiz  Stab. 

Peak  Between  Zero 
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ANALYSE  AER0ELAST1QUE  ET  IDENTIFICATION  OES  CHARGES  EN  VOL 
C.  PET1AU  et  H.  dc  LAVIGNE 

AVIONS  MARCEL  DASSAULT-BREGUET  AVIATION 
78,  qua!  Carnot 
92214  -  SAINT-CLOUD 


1  -  INTRODUCTION 


Le  calcul  de  charges  est  classlquement  fonde  sur  une  modeiisatlon  elastlque  par  la  theorle  des 
poutres  longues.  Cette  hypothese,  ImpHquant  une  correspondance  bluilvoque  entre  les  courbes  d'efforts 
gGnSraux  (effort  tranchant,  moment  de  flexion,  moment  de  torsion)  et  les  repartitions  de  contraintes 
dans  la  structure,  il  en  rfisulte  une  certaine  facilltd  pour  les  echanges  de  donnees  entre  les  diverses 
disciplines  intervenant  dans  1 ‘analyse  des  structures,  qui  se  rtsument  aux  seuls  efforts  gtnCraux, 
comme  nous  l'illustrons  ici  : 


AGroelasticite 


Essais  en 
soufflerie 


Mesure  d1 effort 
en  vol 


i 

I 


f 


Ceci  conduit  pour  les  mesures  en  vol  a  instrumenter  des  sections  de  voilure  ou  de  fuselage  avec 
des  jauges  de  cntraintes  qui  permettent  thSoriquement  de  restituer  les  efforts  gfneraux  de  la  section 
par  combinalson  UnGaire  de  leurs  slgnaux  ;  TopGrateur  de  combinaisons  est  etabll  a  partir  des 
reponses  des  jauges  sur  des  chargements  d'etalonnage  au  sol  ;  une  methode  de  moindre  carre  est 
utilisAe  dans  les  cas  de  mesures  redondantes. 

Le  module  elastlque  de  la  structure  n'intervient  pas  dans  cette  procedure. 

Les  chargements  des  cellules  d'essals  statique  ou  de  fatigue  qui  sont  eux-memes  construits  a 
partir  de  courbes  d'efforts  gGnGraux  peuvent  etre  aisGment  adaptes  aux  resultats  mesures  en  vol. 

Cette  technique  simple  est  malheureusement  contestable  si  on  examine  des  avions  dont  la  voilure 
est  4  falble  allongement,  ou  si  on  veut  obtenir  une  certaine  precision  dans  les  zones  d'emplanture  ; 
les  contraintes  n'etant  plus  alors  determ1n6es  seulement  par  les  efforts  generaux. 

Pour  1'analyse  aeroeiastlque  statique  et  le  calcul  des  charges,  nous  avons  ete  amends  a 
ddvelopper  une  procedure  de  couplage  ofl  les  .  'qes  de  presslon  Issues  des  calculs  d'a6rodynam1que 
thdorlque  sont  transferees  dlrecfement  sur  It  Ale  elements  finis. 

Cette  mdthode  sophlstlqude  a  1 1  Inconvenient  de  compllquer  singul 16rement  le  probleme  du  recalage 
des  modeles  sur  les  .'Ssultats  de  soufflerie  ou  de  vol  ;  la  premiere  dlfflcultd  4  domlner  est  que  dans 
l’anclenne  technique  un  chargement  est  represente  globalement  sur  1‘avlon  par  un  vecteur  facllement 
manlable  a  quelques  dizaines  de  composantes  alors  que,  sans  precaution,  11  en  comporte  quelques 
mllllers,  voire  dizaines  de  mllllers  sur  un  schema  d'eiements  finis  (voir  planche  1). 

C'est  dans  ce  contexte  que  nous  avons  etudie  des  processus  d‘ Identification  vlsant  a  rdpercuter 
les  resultats  des  mesures  en  vol  aisdment  dans  nos  modeles  aerodlastlques  complexes,  et  revolr,  en 
consequence,  le  plus  raplderoent  possible  les  calculs  de  justification  de  ;a  structure  et  les 
chargements  d'essals  statlques  au  sol. 

Nous  presentons  des  tests  de  cette  methode  sur  le  Mirage  2000. 


2  -  CHARGES  ET  AEROELASTICITE  STATIQUE  AVEC  ELEMENTS  FINIS 

Pour  la  comprehension  du  processus  d' Identification,  nous  rappelons  les  grandes  Hgnes  de  notre 
technique  de  couplage  aeroGlastlque  dlrecte  sur  elements  finis  ;  cette  methode  qui  fournlt  les  modeles 
a  recaler,  est  programmee  dans  la  branche  "CHARGE"  de  notre  loglciel  general  ELFINI 
(\o1r  reference  1). 
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Nous  avons  essayA  de  rApondre  a  trois  ImpAratifs  apparemment  contradictoires  : 

-  nAcessitA  d'une  prAcision  de  1 'estimation  des  charges  d'une  quality  Aquivalente  3  celle  du  calcul 
des  contraintes  par  AlAments  finis, 

-  sophistication  devant  rester  homogAne  avec  les  hypothAses  simples  des  calculs  d'aArodynamique 
linAarisAe,  recalls  sur  des  essais  en  soufflerie  ou  en  vol , 

-  dAlais  de  preparation  des  donnAes  et  coQt  ordinateur  raisonnable. 

Les  operations,  dont  le  detail  est  donne  en  annexe,  se  deroulent  en  deux  phases  : 

1  -  Calcul  volumineux  menA  indApendament  du  couplage  a§ro61astique  de  la  configuration  massique  et 

surtout  des  hypotheses  de  recalage  empirique  ;  ce  sont  : 

-  la  resolution  du  modAle  elements  finis  pour  quelques  centaines  de  chargements  de  base  dans 
lesquels  on  decompose  a  priori  tout  chargement  ;  les  chargements  de  base  sont  classes  en  cas 
unitaire  de  pression,  d'inertie  et  d'effort  concentre  (ex  :  efforts  train), 

-  les  calculs  des  champs  de  pression  aerodynamique  par  des  methodes  de  singularite,  pour  les 
mouvements  de  corps  solide,  les  braquages  de  gouverne  et  des  dAfomAes  de  base  des  surfaces 
portantes. 

Be  ces  calculs,  on  extrait  des  operateurs  "concentres"  asset  maniables. 

-  decomposition  des  champs  de  pression  aerodynamique  unitaires  dans  les  chargements  de  base, 

-  lissage  des  dSplacements,  sous  les  cas  de  charges  de  base,  dans  les  deformees  de  base  des 
surfaces  portantes, 

-  efforts  g6n6raux  et  contraintes  en  quelques  centaines  de  points  sensibles  pour  chaque  chargement 
de  base. 

2  -  A  partir  de  ces  operateurs,  on  obtient  par  des  calculs  de  faible  volume  : 

-  les  coefficients  aerodynamiques  avion  souple, 

-  le  mouvement  de  1 'avion  en  manoeuvre  par  integration  des  equations  de  la  m6can1que  du  vol, 

-  revolution  correspondante  des  efforts  gAnAraux  et  des  contraintes  aux  points  controlAs, 

-  la  recherche  automatique  des  cas  enveloppes  dimensionnants, 

-  la  reconstitution  dans  ces  cas  pour  des  analyses  completes  de  l'ensemble  des  deplacements  du 
modeie  E.F.,  ou  des  forces  pour  le  transfert  sur  un  modeie  raffine. 

La  definition  exacte  des  configurations  massiques  et  les  recalages  empiriques  sur  la 
soufflerie  ou  le  vol  interviennent  au  debut  de  cette  deuxieme  phase. 

Les  chargements  des  essais  statiques  correspondant  aux  cas  de  charges  dimensionnants  du  modeie 
peuvent  etre  g6n6res  automatiquement,  3  partir  de  la  position  des  v6r1ns  de  chargement  ;  on  procAde 
par  une  methode  d'optimisation  quadratique  visant  3  minimiser  l'energie  elastique  de  la  difference 
entre  le  cas  de  charge  du  modeie  et  celui  reconstituA  par  les  vArins;  tout  en  respectant,  dans  la 
fourchette  d'une  precision  donnAe,  les  contraintes  sur  les  points  sensibles  de  la  structure. 

3  -  IDENTIFICATION 

3.1  -  Instrumentation  des  essais  en  vol 

Outre  la  salsio  des  paramAtres  gAnAraux  de  la  mAcanique  du  vol  et  des  braquages  de  gouvernes, 

1 'installation  d'essais  est  basAe  sur  des  jauges  de  contraintes  ou  des  extensomAtres  ;  leuis 
dispositions  rAsultent  d'un  compromis  entre  la  surveillance  des  points  sensibles  de  la  structure  et  la 
couverture  des  divers  “chemins"  d'efforts  internes,  un  ordre  de  grandeur  de  100  A  300  capteurs  est 
raisonnable. 

Nous  prAsentons  planche  2  1 'installation  de  la  voilure  du  Mirage  2000-01. 

3.2  -  Validation  du  modAle  Alastigue  par  Atalonnaqe  au  sol 

La  base  de  la  mAthode  Atant  que  les  incertitudes  ne  proviennent  que  de  1 'aArodynamique,  11  faut 
qualifier  de  facon  sure  1'opArateur  UnAalre  ,  issu  du  modAle  AlAroents  finis,  qui 

reprAsente  le  passage  entre  les  forces  appliquAes  sur  la  structure  et  les  rAponses  des  jauges  aux 
points  de  mesure  en  vol  ;  les  erreurs  3  ce  niveau  Atant  pratiquement  irrattrapables. 

La  procAdure  est  la  suivante  : 

-  on  mesure  au  sol  les  rAponses  des  jauges  sous  divers  chargements  simples,  par  exemple,  obtenus  en 
chargeant  1 'avion  en  des  points  discrets  (voir  planche  3), 

-  on  correlle  pour  chaque  vole  de  mesure  les  rAsultats  d'essais  3  ceux  du  calcul  par  AlAments  finis 

correspondant,  en  tracant  la  courbe  dAformation  calculAe  fonction  de  dAformation  mesurAe,  pour  les 
diffArents  cas  de  charges  ;  thAoriquement  les  points  obtenus  devraient  s'aligner  sur  la  premiAre 
bissectrice  ;  on  s'estime  satlsfait  si  on  trouve  un;  -iroite  dont  on  prend  la  pente  come  facteur  de 
correction  du  modAle  AlAments  finis  (voir  planche  ;  on  corrige  ainsi  aussi  bien  les  dAfauts 

locaux  du  modAle  AlAments  finis  que  les  erreurs  de  gain  Aventuelles  de  l'installation  d'essais. 

On  ne  valide  ainsi  que  la  bonne  rAsolution  de  1'hyperstaticitA  par  le  modAle  E.F.  j  d'expArience 
les  rigiditAs,  qui  Interviennent  au  deuxiAme  ordre  par  1 'aArodistorsion  dans  le  calcul  des  charges 


I  ; 

LI 


H 
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sont  sufflsamment  bien  prSvues  ;  toutefols,  s 1 11  est  nbcessalre,  nous  disposons  d'une  methode  de 
recalage  automatlque  du  modele  elements  flnts  sur  les  essals  de  vibration  (voir  rAf.  2). 

3.3  -  Manoeuvres  et  mesures  en  vol 


On  cholslt  des  manoeuvres  permettant  de  sAparer  le  plus  alsement  possible  cheque  effet 
aArodynamique  AlAmentaire  (Incidence,  braquage  gouvernes,  etc.)  ;  11  nous  est  apparu  que  les  plus 
efflcaces  Atalent  des  manoeuvres  d'osclllatlon  de  tangage  ou  de  roulls  4  frequences  variables 
(0,5  a  2  Hz)  que  nous  appelons  “stimulus",  voir  planche  4. 

Ces  manoeuvres  durent  quelques  dlzalnes  de  secondes,  le  Mach  et  le  badln  dolvent  rester  le  plus 
constant  possible  ;  l'amplltude  du  mouvement  dolt  Atre  llmitAe  4  quelques  degree  pour  rester  dans  une 
plage  llnearisable. 

Sur  le  Mirage  2000  prototype,  les  stimulus  sont  gAnAres  automatlquement  par  un  boltler  ajoute 
dans  la  chalne  des  commandes  de  vol  eiectrlques. 

°our  cerner  les  non-llndarltes  d'lncldence,  on  complete  les  stimulus  par  des  montees  en  facteur 
de  charge  stabillsSes. 

Pendant  ces  manoeuvres,  on  dolt  acquArlr  les  parametres  du  mouvement  de  I'avion  et  les  braquages 
de  gouvernes  4  une  cadence  sufflsante  pour  pouvotr  les  Interpoller,  moyennant  quol  les  mesures  de 
jauges  peuvent  etre  sous  Achantlllonnees  (8  4  16  pt/sec.  pour  les  stimulus). 

3.4  -  PrAlissaqe  des  mesures  en  vol 


Cette  phase  a  pour  but  d'extraire  des  mesures  en  vol  des  effets  aerodynamlques  IlnAaires 
unltalres. 

Solt  qr  le  vecteur  des  param4tres  aerodynamlques  "rlgldes".  En  symetrlque  :  Incidence,  vltesse 
de  tangage,  braquage  des  gouvernes. 

On  Identlfle  I'opArateur  suppose  IlnAaire  Cao/Sqr)  de  rAponse  des  jauges  4  chaque 
composante  de  qr  par  une  methode  de  molndres  carr6s,  solt  : 


1  E  C°mes.-  (4o/4qr)  qr(tmes.)  minimum 

instants  mesures 


SI  la  vole  de  mesures  consIdArAe  est  bien  semlble  4  chaque  composante  de  qr  dans  la  manoeuvre 
considerAe,  les  rpsultats  sont  bons  (voir  planche  5)  •,  dans  le  cas  contralre,  11  faut  prendre  les 
composantes  mal  observables  dans  une  autre  manoeuvre  plus  propice,  et  considerer  comme  connus  les 
termes  correspondents  de  1 'equation  1  ;  en  partlculier,  on  procede  alnsl  pour  les  petltes  composantes 
symetriques  des  stimulus  de  roulis  qul  ne  sont  jamais  parfaitement  anti-symAtrlques. 

Appllqute  aux  capteurs  de  mbcanique  du  vol,  une  technique  somblable  (reference  3)  permet 
d‘ Identifier  directement  des  coefficients  aerodynamlques  linearises  avion  souple  qui  seront  dlts 
"mesures”. 

3.5  -  Parametres  des  champs  aerodynamlques 

Le  modble  elastique  ayant  ete  qualifie  4  partir  des  etalonnages,  on  edmet  que  les  erreurs  du 
modeie  aproelastique  ne  proviennent  que  des  calculs  d'aProdynamique. 

On  pose  que  les  champs  de  prevsion  thporiques  de  chaque  effet  aerodynamlque  rigide  (Incidence, 
biaquage  de  gouverne  en  symAtrlque)  sont  modules  par  des  fonctlons  d'affinlte  inconnues  dependant 
linealrement  de  parametre  Li  ;  en  choislssant  comme  fonction  de  recalage  les  Interpolations  d'une 
grille  d'elAments  finis,  on  donne  aux  coefficients  Li  Inconnues  la  valeur  des  facteurs  de 
correction  des  champs  de  presslon  aux  noeuds  de  la  grille  (voir  planche  2)  \  soil  pour  les  champs  de 
prcsslon  reels  des  effets  rigides,  la  relation  : 


tf^j^Jrdel  <|^^-3theorique  x  (1  +  Uij4i(M)  ] 


Nous  n'avons  pas  pris  de  parametre  speclflque  pour  les  champs  de  presslon  des  effets  d'afirodls- 
tonion  (discretises  par  un  vecteur  qs  )  car  leurs  Influences  sp  sbparent  difficllement  de  celTes  des 
termes  rigides  en  quasi -stationnai re  e  nous  utlUsons  2  tactlques  au  cholx  : 

1)  ne  pas  recaler  ces  champs  d'effet  "souple"  ;  ce  qul  peut  avoir  quelque  inconvenient  quand  i',s 
coincident  en  pariie  avec  des  effets  rigides  (exemple,  debraquage  d'une  gouverne  dfl  4  la  souplesse 
de  Is  timonene  de  commande), 

2)  corriger  les  effets  “souples"  en  fonction  des  effets  rigides  en  posant  : 


c|Mffi.3rgei  „  c|^-jtheorique  +  (tf^Oreel  -  [f^ljtheorique)  [OJj0 


L'opArateur  oj  j,  represente  le  lissage  de  chaque  effet  suuple  dans  les  effets  rigides. 
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Nous  detaillons  en  annexe  coranent  par  notre  organisation  de  calcul,  on  obtlent  simplement  la 
valeur  et  la  d6riv6e  en  fonctlon  des  parametres  xj,j  : 

-  des  coefficients  aerodynamiques  avion  souple  CC3  . 

-  des  contralntes  unltalres  C3o/3qr3  de  chaque  effet  rlglde,  aerodistorsion  61im1t.ee. 

Dans  le  cas  du  recalage  des  eft'ets  aerodynamiques  "souples"  en  fonctlon  des  effete  rlgldes,  ces 
op6rateurs  ne  sont  pas  lineal  res  en  fonctlon  des  x  . 


3.6  -  Premiere  technique  d'ldentlflcatlon  :  mdthode  de  molndres  carr6s 

On  minimise  par  molndres  carrfis  1'ecart  entre  les  contralntes  unltalres  et  coefficients 
aerodynamiques  calcuies  et  ceux  Issus  du  preiissage  des  mesures,  solt  : 


voles  de  mesure 


»  mes  32  minimum 


La  procedure  de  minimisation  dp  la  fonctlon  de  "cout"  z( x>  est  detaillee  en  annexe  ;  elle 
est  condulte  par  unc  methods  dc  Newton  Raphson  modlflde  dans  le  cas  non  lineaire  (recalage  des  effets 
souples). 

Dans  la  pratique  uvec  cette  methode,  on  se  lieurte  souvent  i  une  sous-d&terwlnatlon  du  problfime  ; 
la  fonctlon  de  coflt  z( X)  peut  6tre  insensible  S  certaines  combinalsons  de  parametres,  nous  avons 
une  quasi  singularity  de  I'opferateur  Kassien  tangent  t(0  *  t322/3Xi»Xj]  qui  donne  des  solutions 
reconstltuant  parfaltement  les  contralntes  mesurees  mals  aterrantes  en  champs  de  presslon. 

SI  on  ne  pout  revolr  la  disposition  des  capteurs,  on  peut  risoudre  ce  probUme  en  reduisant  le 
nombre  des  parametres  ;  pour  cela  11  est  pratique  d'utiliser  une  procedure  automatlque  ou  on  se  ramfine 
a  un  vecteur  de  paranAtre  x1  de  rang  r6duit  116  S  x  par  la  relation  : 

x  =  CV3  x- 

C V3  etant  une  matrlce  rectangulaire  dont  les  colonnes  sont  les  vecteurs  propres  du  Hessien 
tangent  initial  [H(X  =  0)3  correspondant  aux  valeurs  propres  notablement  diff£rentes  de 

z6rc. 

Dans  les  tests  sur  le  Mirage  2000,  on  n'a  pas  pu  d§passer  un  ncmbie  de  5  parametres  rOduit  par 
effet  rlglde,  et  11  est  apparu  que  les  rdsultats  sont  trfis  senslbles  aux  pond6rations  relatives 
dc  chaque  vole,  ce  qui  a  oblige  S  de  nombreux  tatonnements  pour  trouver  une  solution  plausible. 

En  definitive,  cette  methode  de  molndres  carr6s  nous  a  semble  dependre  beaucoup  trop  de  ces 
facteurs  de  ponderatlons  subjectlf s  pour  pouvolr  etre  appl1qu6e  systOmatlquement. 

3.7  -  DeuxiEme  technique  :  methode  d'optlnlsatlon  sous  contralnte 

On  pose  le  problSme  de  I' identification  sous  la  forme  : 

minimiser  z(X)  =j{  C-|^3  thdorique  -t|^(X)3  )  2  ds 

en  satlsfalsant  aux  Inequations 

^7  mes.  -  a«  ||(X)<||mes.4ck 

ce  qui  signlfle  qu'on  cherche  une  solution  la  plus  proche  possible  d:  la  theorie  tout  en 
restltuant  les  contralntes  mesur6es  dans  une  fnurchette  donnee. 

La  minimisation  sous  contralnte  est  mende  por  uno  methode  d'optlmlsatlon  quadratlque  dite  de 
"gradient  spherlque"  qui  est  pr6sentSe  en  annexe. 

Cette  formulation  pallle  aux  principaux  ir.convenients  de  la  .ndthode  des  moindres  carres. 

-  11  n'y  a  pas  d'1ndeterm1nat1or  possible  du  probUme,  en  l'absence  d'observations,  la  procedure 
complete  automatiquement  par  la  theorie. 

-  Les  parametres  de  rEglages  sont  ob.lectlfs,  ce  sont  les  Incertitudes  e  sur  la  reconstitution  de 
chaque  mesure  ;  on  les  evalue  8  'parttr'de  la  precision  des  mesures  et  du  preiissage  et  surtout  de 
celle  du  calcul  des  contraintes,  revdlde  par  les  correllations  de  1 'etalonnage. 

F.n  pratique,  11  arrive  que  I'algorirhme  detecte  qu'll  n'y  a  pas  de  solution  admissible  compte 
tanu  des  contralntes  qu'on  s'est  donnees  j  cela  se  prodult  quand  la  grille  do  recalage  est  trop 
grosslere  vls-4-vls  de  1 ’exigence  des  contraintes  S  restltuer  ;  la  solution  est  de  raffiner  la  grille 
de  recalage. 

L'obtentlon  de  champs  aberrants  traduit  des  erreurs  au  niveau  des  mesures  cu  de  l'etalonnage  ; 
on  a  une  bonne  indication  des  contraintes  erronees  par  1'analyse  des  multipl Icateurs  de  Lagrange  de  la 
solution  (11s  traduisent  1 'influence  sur  la  fonctien  de  coQt  de  la  fourchette  qu'on  s'est  donnee  sur 
les  contralntes  en  butee). 
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3.8  -  Test  sur  le  Mirage  2000 

Nous  avons  lvalue  les  posslbll.ltls  de  la  mathode  sur  le  Mirage  2000-01  ;  nous  prlsentons  Id 
quelques  points  caractlrlstlques  de  l’ltude  lllustrant  1 'Identification  des  effets  d'lncldence  et  de 
braquage  de  gouverne  pour  des  stimulus  symltrlques  : 

-  3  stimulus  4  Mach  0,7  (4800  ft,  14000  ft  et  25200  ft), 

-  3  stimulus  a  Mach  1,5  (25600  ft,  40500  ft  et  49900  ft). 

Nous  avons  trace  planches  7  et  8  les  reconstitutions  et  les  mesures  des  jauges  sur  quelques 
voles  slgnlflcatlves. 

Nous  comparons  les  champs  de  pression  des  effets  d'lncldence  et  de  braquage  des  tlevons 
"rigldes"  Identifies  par  les  stimulus  de  badtn  dlfflrents  aux  mimes  Mach  (Mach  0,7  planches  9  et  10, 
Mach  1,5  planches  11  et  12)  ;  nous  avons  utilise  1 ‘option  de  recalage  des  effets  souples. 

Les  champs  de  pression  obtenus  par  des  stimulus  a  difflrentes  altitudes  sont  semblables  et  11s 
different  quelque  peu  des  champs  thlorlques  ;  les  distorsions  des  champs  reconstltuls  dans  la  tone 
d'emplanture  ne  sont  probablement  pas  alrodynamlquement  rlallstes. 

Pour  traduire  en  charges  "classlques"  les  rlsultats,  nous  pr6sentons  les  reconstitutions 
companies  des  courbes  d'ef^orts  tranchants  par  g  de  facteur  de  charges  (Mach  0,7,  z  *  1000  ft, 

Mach  1,5,  z  -  25000  ft). 

La  relative  insensibility  des  rlsultats  a  1 'altitude  du  stimulus  de  recalage,  est  due  au  fait 
qu'lls  ont  at a  tous  effectuls  dans  la  plage  d'lncldence  oO  1 'aerodynamlque  reste  assez  blen  llnaalre. 


4  -  CONCLUSIONS  ET  DEVELOPPEMENTS 


Notre  procedure  d' identification  est  efflcace  en  utllisant  les  stimulus  dans  les  zones  oD 
1 'aerodynamique  est  llnaalre  ;  elle  naeesslte  une  bonne  quallta  pour  le  modale  aiastlque  alaments 
finis  recall  par  les  Italonnages  au  sol,  car  on  ne  peut  exlger  plus  de  precision  pour  la 
reconstitution  des  mesures  en  vol  qu'on  e*t  capable  d'en  obtenlr  au  sol  avec  des  chargements  connus 
exactement  ;  11  faut  partlculllrement  falre  attention  avec  les  parties  mobiles  (bees,  gouvernes), 
surtout  quand  elles  sont  Hies  hyperctatiquement  au  caisson. 

Les  champs  de  pression  roconst1tu6s  sont  senslbles  au  nombre  et  4  la  disposition  des  jauges  ;  on 
ne  dolt  pas  trop  s'attacher  4  leur  realltl  du  point  de  vue  alrodynamlque  ;  l'lmportant  pour  le  calcul 
des  charges  est  qu'lls  restltuent  valablement,  au  travers  du  modale,  les  contralntes  observles  en  vol. 

C'est  dans  cet  esprit  que  nous  dlveloppons  la  mathode  pour  les  zones  oO  l'aerodynamlque  est  non 
llnaalre  (grandes  Incidences,  transsonlque)  ;  1 'Identification  porte  alors  slmultanlment  sur  les 
rlsultats  de  plusleurs  manoeuvres,  elle  fournlt  les  coefficients  de  recalage  pour  des  successions 
d'ltats  des  paramltres  alrodynamiques  et  non  pour  des  effets  de  pente. 

Dans  son  prlncIpe  la  mathode  peut  s'ltendre  4  1 'Identification  des  effets  d'aerodlstorsion  et 
des  effets  d'aerodynamlque  Instatlonnalre,  la  prlnclpale  difficult!  est  de  disposer  alors  de 
manoeuvres  oO  ces  effets  solent  "observables",  1 'exigence  de  validation  prealable  du  modale  aiastique 
dynamlque  est  avldemment  renforcle. 
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ANNEXE 


A-l  -  EQUATIONS  DE  BASE  DU  C0UPLA6E  AEROELASTIQUE 


A-i.l  -  Phases  grfealables  (Batch) 

-  AArodynamlque  thAorique  :  champs  de  presslon  discrAtlsAs 
Kp  =  Kpo  ♦  C-^3qr  ♦  cf§)qs 


qr  :  effets  aArodynamlques  rlgldes  (incidence,  braquage  de  gouvernes,  etc...) 


qs  :  dAformAe  des  surfaces  portantes  exprlmAes  dans  une  base  de  monAmes 
(  qr  et  q$  de  rang  quelques  dlzalnes) 


-  Equation  du  mouvement  de  1'avlon  quasi  rlglde 
Fc.d.g.  *  ^  pVj  (Co  +  CCr3qr  +CCs3qs) 

Les  coefficients  aArodynamlques  CCr3,  C Cs3  et  Co  sont  les  torseurs  rAsultants  des  champs 
de  pression. 

-  Chargement  du  modAle  Elements  finis 

F  -  CP3f  CP)  =  CPaero.Pinertie.Poutres)  chargements  de  base 

-  RAsolution  AlAments  finis  (sur  C.L.  Isostatlque) 

X  =  CK)"1  F  *  dAformAes  de  base  CB)  *  CK3'1  [p] 

-  OpArateurs  “concentrAs" 

.  Contraintes  et  efforts  aux  points  sensibles  C3o/3f3  =  C3o/3X3  CB) 

.  Torseur  rAsultant  et  mouvement  rlglde  C3Fcdg/3f3,C3Rcdg/3f3  (pour  chaque  masse  de  base) 
.  Chargement  aArodynamlque  dAcomposA  dans  les  chargements  de  base 
faero  *  (S3Kp»  C3f/3qr3*CR3  C3Kp/3qr3,C3f/3qs3  =  Cr3  C3Kp/3qS3 
.  Llssage  des  dAformAes  E.F.  dans  les  formes  aArodynamiques 
qs  •  CL3  X  *  C3qs/3f 3  =  CL3  CB3 

A-l. 2  -  Phases  rApAtAes  (IntAractlves) 

-  Recalage  empirlque  (Identification  sur  la  soufflerie  ou  le  vol) 

.  Effets  “rlgides" 

C3Kp/3qr3recalA  =  C3Kp/3qr)th.Cl  +  Cf3x3 
x  :  paramAtres  de  recalage 

U3  •:  fonctlon  d1  interpolation  de  la  grille  dc  recalage  (voir  I  3.5) 

♦  C3f/3qr3recalA  =  CR3  C3Kp/3qr3recalA 

.  Effets  "souples" 

C3f/3qs3recalA  =  C3f/3qs)th.  +  (C3f/3qr)recalA  -C3f/3qr3th)  Ca3 

-  Calcul  des  charges  d'inertle  dans  les  configurations  envisagAes  (comblnaisons  llnAalres  des 
effets  d'lnertles  AlAmentalres) 

-  C3f/3y3 

-  Charge  aArodynamlque  de  base  AquIlibrAe  par  les  effets  d’inerties 
♦  C3f/3qr)Aquil .  «Cl-3f/3y3  CM3”*C3Fcdg/3f3  C3f/3qr3recalA 

C3f/3qs3Aqu11.  «C  I-3f/3y3  CM)-1E3Fcdg/3f]  C3f/3qs3recalA 
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-  Cal  cut  des  coefficients  aArodynamiques  avion  souple 
Elimination  des  effets  souples 

qs  *  ■|pV2  (Ao  +  CA13qr  +  CA23qs)  +  A  autre 
CA13  *  qs/3 f 3  C3f/3qr3^qui)_  CA23 « C3qs/3f3  C3f/3qs3^qu1]> 

(plus  correction  du  mouvement  rlglde) 

♦  qs  =2  PV2  < Cu3qr  +  Uq)  +  u  autre 

Cu3  =  C03'kA13  C03  =  (1  -  i  PV2  CA13) 

2 

La  slngularltA  de  CD3  exprime  la  divergence  statlque 
.  Coefficient  aArodynamlque  apparent 
CC3  [Cr3  +  i  pV2  CCs3  Cu3 
Co  =  Cor+  CCs3  pV2  no  +  v  autre* 

-  Contraintes  et  efforts  unitaires  aAroAlastlcItA  AllmlnAe 
[3o/3qr3  *  C3o/3f3  (C3f/3qr3  +  |  PV2  C3f/3qs3  Cu3) 

-  Calcul  de  manoeuvre  avion  quasi  rlglde 

,  Resolutions  des  Aquations  de  la  mAcanlque  du  vol  avec  CC3  ♦  qr  (t) 
.  Contralnte  et  effort  en  manoeuvre  aux  points  senslbles 
o(t)  *  oo  +  ^  pV2  C3o/3qr3  qrit) 


A-2  -  DERIVATION  PAR  RAPPORT  AUX  PARAMETRES  DE  RECALAGE 

Pour  aider  la  comprehension,  nous  prAcIsons  les  Indices  de  chaque  opArateur  de  base,  soit  : 
fm.Kpp.qrj.qSj, x)(j 

DArivAes  des  effets  rlgldes 

■  CRn,’n:i  ci^!3th-c*"-i3 

torseur  resultant  ■»  dArlvAes  coef.  AAro.  riglde  t|^j3 
DArivAes  des  effets  souples  j  3  =  C5q.r]^-f  >j  3  Caj.j-3 

torseur  resultant  +  aArivAes  coef.  AAro.  souple  [|tt-j3 


DArivAes  des  effets  rlgides  et  souples  AquilibrAes  par  les  charges  d'inertle  induites  :  meme 
procedure  que  pour  les  effets  eux-mAmes 


15-8 


-  Differentiation  de  (‘elimination  des  effets  souples 

dqs  =  |  pV2  (CdAlOqr  +  CdA2]qs  +  CA23dq*-. > 
dqs  *  lO)'1  (CdAl3  ♦  CdA2]  GuJJqr 
>  Cdul  •  CO]'1  (CdAl]  +  CdA2]  [w]  ) 


solt  : 


- C0]-1  ^  +  [w^tt3 

-  Derivdes  des  coefficients  aerodynamlques  apparents 

fe3  *  ClK-]  +  ?  “V*  <0  ™  +  tCo]  [lru3) 

-  Derivfies  des  contra.ntes  unltalres  adroeiastlcite  ellmlnee 


32a 


3qr3M,j]  =  C573  +  t 


32fm 


■}  M  ♦  cj£-]  Ct¥-~]) 


3qs3Mj 


3qs  3Mj 


A- 3  -  ALG0R1THME  0‘ IDENTIFICATION 


-  lAre  mdthode  :  molndre  carre 


minimisation  de 


z  (A)  *  t 

voles  de  mesures 


V  mes 


3oK 

3qr 


(A)  )2 


mAthode  de  Pseudo  Newton 


-  depart 

-  gradient 

-  pseudo  Hesslen 


A  =  0 


G  ■  C  3  2/3  A  3  = 
[H] 


J  „  [l£E££  .  3o( A)j  j.  32a  j 

voies  de  mesures  K  3qr  9qr  3qr  3*ij 

=  i  *  [ — _ ] 

voies  de  mesures  K  3qr  3Xi,j  3qr  32i,j 
A  =  A  +  CH]"1  G 


-  24me  methode  :  optimisation  sous  contrainte 

E  Aij^  minimum 


+  Inequation  pour  chaque  vole  de  mesure 


resolu  par  iteration  d'optimlsation  quadratique,  1^  (Ai,j)  etant  linearise  4  chaque  1'Arjtlon 
(convergence  en  2  4  3  Iterations).  *qr 


-A 
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PI.  2 


VOILURE  H1RAGE  2000-01 
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DEFINITION  OES  PARAMETRES  DE  RECALAGE 


13  14  15 


I 

■ 


GRILLE  DE  RECALAGE 


INFLUENCE  DU  PARAMETRE  \5 
SUR  UN  CHAMP  D'INDIDENCE 


COMPARAISONS  DES  CHAMPS  DE  PRESSION  DE  L'EFFET  D* INCIDENCE 
'RIGIDE*  PAR  3  STIMULUS  EFFECTUES  A  DES  ALTITUDES  DIFFERENTES 
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SESSION  III  -  USE  OF  OPERATIONAL  LOADS  DATA  FOR 
DESIGN  AND  TEST  PURPOSES 

SUMMARY  RECORD 
by 

L  Baranes 

Service  Technique  des  Programmes  Aercnautiques, 

Paris,  France 

In  discussion  and  questions  on  paper  No  13,  it  was  observed  that  the  method  used  was 
intended  to  derive  extreme  values  of  various  parameters,  but  the  analysis  was  based  on  a 
limited  number  of  flights.  This  limitation  raised  the  question  of  the  basis  on  which 
extreme  values  were  extrapolated  from  the  normalised  parameter  profiles,  and  also  the 
question  of  the  probability  levels  assigned  to  extreme  (ie  design  limit)  load  cases.  One 
speaker  pointed  out  an  anomaly  in  the  analysis  in  one  case,  where  the  start  of  pitch  rate 
build-up  appeared  to  precede  application  of  elevator  control.  The  design  loads  predicted 
were  lower  in  some  instances  than  MIL  SPEC  -  8861  requirements)  if  the  philosophy 
proposed  was  accepted  and  developed  for  design  use,  the  outcome  would  be  some  amendment 
to  or  variation  from  the  MIL  SPEC  cases. 

On  paper  No  14,  questions  were  posed  on  the  large  (70%)  exceedence  observed  in  the 
rear  fuselage  lateral  shear  load  compared  with  the  design  limit  load  estimate,  and 
particularly  on  whether  the  latter  was  based  on  wind  tunnel  tests.  The  design  load  case 
figure  was  in  fact  based  on  calculation,  supported  by  initial  flight  test  results.  No 
fatigue  or  damage  tolerance  data  was  available  at  the  time  flight  testing  was  carried 
out.  This  was  not  the  only  case  where  the  flight  test  programme  showed  loads  in  excess 
of  theoretical  limit  load.  However,  static  tests  at  Canadair  showed  that  tne  structural 
design  was  generally  conservative  and  it  was  decided  not  to  carry  out  further 
verification  work  or  amend  limit  load  data. 

In  answer  to  questions  on  paper  No  15,  the  author  stated  that  loads  were  derived  for 
the  ligid  aircraft  case,  althouqh  for  full  precision  aeroelasticity  should  be  considered 
for  transient  cases.  Development  work  was  in  hand  to  take  flexibility  into  account  for 
rapid  manoeuvres. 

In  general  discussion,  it  was  pointed  out  that  there  was  a  considerable  difference 
between  civil  transport  flying,  where  limit  load  conditions  were  extremely  rare,  and 
military  operations,  where  the  extremes  of  the  intended  flight  envelope  can  be 
approached,  and  possibly  even  exceeded,  quite  regularly.  On  current  aircraft  the 
existence  of  appreciable  Reserve  Factors  often  prevented  proof  stress  being  reached  or 
exceeded.-  but  this  situation  might  change  for  the  next  generation  of  aircraft. 
Occasional  exceedences  of  9g  (normal  load  factor)  on  F-18  were  quoted;  although  the 
aircraft  was  designed  for  7.5g  limit  in  standard  configuration,  6-9  such  exceedences  in 
5000  flying  hours  seemed  acceptable,  although  it  is  difficult  to  check  fully  what 
damage  such  excursions  may  have  caused.  In  the  case  of  the  F-16,  the  aircraft  is 
designed  for  10. 5g  and  manoeuvres  up  to  9g  occur  frequently;  however,  the  flight  control 
system  imposes  a  manoeuvre  limitation  on  pilot  demand. 

Differences  between  UK  practice  (never  exceed  limits,  coupled  with  a  lower  clearance 
for  normal  operations)  and  US  practice  (never  exceed  limits  only)  were  mentioned.  There 
appeared  to  be  a  clear  need  to  identify  any  divergence  between  the  authorised  clearances 
and  actual  practice  in  service  units,  particularly  for  highly  manoeuvrable  aircraft  which 
frequently  carry  external  stores. 

Aircraft  using  active  control  technology  (ACT)  may  well  experience  very  high 
manoeuvre  rates,  which  could  have  significant  fatigue  as  well  as  static  load 
implications.  It  was  necessary  to  establish  both  general  and  local  structural  effects  of 
ACT,  including  those  of  unconventional  manoeuvres,  and  ensure  that  the  ACT  system  did 
generally  function  in  service  as  designed.  It  was  admitted  that  communication  between 
flight  control  and  loads  specialists  was  not  always  fully  effective.  Considering  the 
approach  described  in  Paper  No  13,  the  question  of  identifying  standardised  manoeuvres 
ft r  future  ACT  aircraft  needs  to  be  addressed  further.  The  Mirage  2000  system  had  an  8g 
system  limit  which  could  only  be  overcome  by  the  pilot  using  considerable  effort; 
manoeuvres  approaching  8g  were  frequent,  an  effect  recognised  and  taken  account  of  in 
describing  the  design  load  spectrum.  The  loads  Hposed  by  the  system  itself,  rather  than 
by  pilot  input,  had  been  allowed  for  in  design,  including  design  for  fatigue  cases. 
Reference  was  made  to  taileron  loads  on  F-15  and  Tornado,  where  it  was  believed  that 
manoeuvring  or  terrain  following  might  generate  either  high  pilot  input  loads  or  lower- 
level  stabilisation  system-induced  loads  more  often  than  predicted  in  design  spectra. 
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TORNADO  -  STRUCTURAL  USAGE  MONITORING  SYSTEM  (SUMS) 
A  P  WARD 

Deputy  Chief  Stressrnan 
British  Aerospace  PLC 
Warton  Division 
Preston  PR4  lAX 
England 


SUMMARY 

The  paper  reviews  the  background  for  the  establishment  of  the  Tornado  Structural  Usage  Monitoring 
System  (SUMS),  Following  a  brief  discussion  of  the  possible  monitoring  methods  the  decision  to  opt  for 
two  approaches  using  flight  parameters  and  load  calibrated  strain  gauges  is  amplified.  The  cal'bratlon 
and  instrumentation  requirements  are  described  and  the  use  of  SUMS  data  is  discussed. 


1 .  INTRODUCTION 

The  Tornado  i*  a  multi  role  combat  aircraft  having  variable  geometry  wings  and  moving  tallerons  In 
addition  to  the  more  conventional  controls  (Fig.  1).  The  derivation  of  fatigue  load  spectra  was  made 
using  best  estimate*)  of  likely  usage  and  fatigue  monitoring  in  service  was  centred  around  the  use  of  the 
fatigue  meter  and  f light-by-f light  record  sheets.  Following  a  study  of  Improved  means  of  measuring  the 
fatigue  usage  of  the  aircraft  it  was  decided  that  the  RAF  would  install  a  comprehensive  fatigue  monitoring 
system  on  a  limited  number  of  aircraft.  The  system  is  known  as  SUMS  (Structural  Usage  Monitoring  System). 

The  paper  describes  the  background  to  the  choice  of  the  SUMS  approach,  summarises  the  instrumentation 
and  calibration  requirements  and  discusses  the  use  of  SUMS  data. 

2.  BACKGROUND 

The  limitations  of  the  fatigue  meter  (i)  as  a  monitoring  device  are  well  enough  known  and  the  problems 
associated  with  estimation  of  fatigue  load  spectra  have  previously  been  described  (2).  During  the  late 
1970s  the  Warton  Division  of  British  Aerospace  undertook  a  study,  on  behalf  of  the  Ministry  of  Defence, 
entitled  "Investigation  to  determine  the  feasibility  of  establishing  a  new  operational  tctlgue  life 
monitoring  system".  The  3Ae  proposal  associated  with  this  contract  Included  three  main  objectives,  these 
being  that  the  system  should: 

(1)  enable  "fatigue  life  consumed"  to  be  calculated  for  different  components  on  individual 
aircraft  thus  making  for  efficient  fleet  management. 

(il)  provide  information  of  value  in  defining  load  spectra  for  new  aircraft. 

(ill)  be  capable  of  identifying  any  unusual  manoeuvres  and  establish  data  for  use  in  defining  new 
static  design  requirements. 

During  the  same  period  work  on  enhanced  fatigue  monitoring  method  for  RAF  Tornados  also  took  place. 

As  BAe  Warton  was  one  of  the  three  partner  companies  of  PANAVIA  (the  others  being  MBB,  Munich  and 
Aeritalia  Turin),;  the  decigners  and  builders  of  the  Tornado,  it  necessarily  followed  that  both  tasks  were 
closely  linked. 

3.  PHILOSOPHY 

Thceo  methods  of  approach  were  considered  for  monitoring  fatigue  usage.  These  consisted  of: 

(i)  use  o£  direct  monitoring  devices  which  measured  local  strain  hlstorier. 

(ii)  direct  measurement  of  fatigue  loading  applied  to  the  structure. 

(ill)  measurement  of  aircraft  response  parameters  from  which  loac>  on  various  surfaces  could  be 
calculated. 

The  first  methoo  was  quickly  rejected  cn  the  grounds  that  a  large  number  of  devices  would  necessary 
to  cover  the  full  structure,  and  that  these  devices  would  not  provide  *'*s  type  o'  information  r.  . essary  to 
satisfy  the  second  and  tnird  requirements  referred  to  above  (load  spec  it*  for  new  aircraft  and  data  on 
unusual  manoeuvres).  Such  devisee  would,  houever,  probably  provide  a  method  for  use  in  flectwide  monitor¬ 
ing  or.  an  aircraft-by-aircraft  basis.  A  survey  of  these  methods  is  given  In  reference  3. 

The  second  method,  which  Involved  comprehensive  r.train  gauging  and  calibration  of  each  airframe 
structure,  was,  initially,  not  thought  to  be  the  most  appropriate  appr.^ch  as 

(i)  suitable  capacity  recorders  for  use  in  a  fully  equipped  service  aircraft  were  not  available. 

(ii)  there  was  concern  about  the  reliability  of  strain  gauge  installations  on  a  lung  term  basis, 
in  particular  because  of  the  possibility  of  damage  during  routine  servicing. 

(lii)  each  aircraft  would  require  c  full  load  calibration  (O. 
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The  third  approach  appeared  to  be  the  roost  attractive.  This  was  based  on  the  premise  that,  by  using 
a  limited  number  of  accelerometers  mounted  on  the  aircraft  at  different  locations  to  measure  aitcraft 
response  and  taking  into  account  a  small  number  of  other  parameters  It  would  be  possible  to  predict  load¬ 
ings  at  any  location  on  the  aircraft  with  a  reasonable  degree  of  accuracy.  It  was  thought  that  the 
necessary  recording  capacity  would  be  less  than  for  the  load  calibrated  strain  gauge  approach  and  that  the 
instrumentation  would  be  more  reliable.  There  was  the  additional  advantage  that  load  calibration  of  each 
aircraft  would  not  be  necessary. 

Practically  all  the  effort  spent  by  BAe  on  the  research  contract  referred  to  earlier  was  concerned 
with  an  investigation  of  the  parametric  approach.  This  was  a  theoretical  study  that  used  a  mathematical 
model  of  the  Tornado  (5)  to  generate  load-time  histories.  These  were  then  assessed,  using  multiple 
regression  analysis  techniques  to  establish  load  prediction  equations  using  the  minimum  number  of  aircraft 
response  parameters  that  would  give  an  acceptable  correlation  with  the  fully  deterministic  model.  This 
work  is  reported  in  references  3  and  6.  Other  work  by  RAE  using  measured  aircraft  response  data  on  a 
Lightning  aircraft  is  reported  in  references  7  and  8  with  further  comment  on  the  method  being  given  in 
reference  9. 

The  BAe  theoretical  study  initially  gave  very  good  results  based  on  an  assessment  of  fin  loads. 
However,  the  development  of  the  model  to  cover  other  areas  of  the  structure  and  to  make  allowance  for 
differing  stores  carriage  and  use  of  manoeuvre  devices  with  varying  wing  sweep  led  to  increasingly 
complicated  predictor  equations.  In  addition  considerable  debate  took  place  with  regard  to  the  represen¬ 
tativeness  of  the  theoretical  manoeuvres  used  with  the  mathematical  model  in  order  to  develop  the 
predictor  equations.  Although  the  model  had  been  proven  to  give  reliable  results  based  on  flight  test 
flying  there  was  a  body  of  opinion  that  believed  that  service  pilots  would  find  ways  of  using  the 
aircraft  which  were  quite  different  from  any  covered  by  the  model.  It  was  therefore  felt  that  predictor 
equations  should  be  developed  from  service  flying  rather  than  from  the  model. 

After  much  discussion  it  was  agreed  that  for  the  Tornado  SUMS  programme  both  the  parametric  approach 
and  the  load  calibrated  strain  gauge  approach  would  be  followed,  the  latter  taking  preference,  in  terms  of 
effort,  prior  to  the  calibrated  aircraft  entering  service. 

Seven  aircraft  were  allocated  to  the  SUMS  programme,  four  of  these  being  Strike  aircraft  and  three 
being  Trainers.  An  assessment  of  the  most  Important  structural  assemblies  led  to  the  selection  of  18 
loading  actions  to  be  measured  (Fl8.  2),  these  being: 

.  wing  bending  moment  at  four  stations 

.  wing  shear  at  three  stations 

.  wing  torsion  at  three  stations 

.  fin  and  taileron  root  shear  force,  bending  moment  and  torsion 

.  front  and  rear  fuselage  vertical  bending  moment 

In  a  number  of  cases  measurements  were  required  on  both  port  and  starboard  9ides  of  the  aircraft  thus 
increasing  the  number  of  channels  required.  From  a  study  of  these  needs,  and  taking  Into  account  further 
instrumentation  requirements  to  measure  aircraft  response  and  to  enable  damaging  areas  In  each  sortie  to 
be  identified,  It  was  abvlous  that  <.11  the  data  could  not  be  recorded  on  each  aircraft.  It  was  decided, 
that,  for  maximum  flexibility  in  the  programme,  the  full  instrumentation  fit  would  be  Installed  and  a  full 
calibration  performed  on  each  of  the  seven  aircraft.  Each  aircraft  would  then  be  assigned  to  a  particular 
facet  of  the  data  recording  exercise  and  the  appropriate  load  measurement  channels  selected  to  match  these 
requirements.  It  was  provisionally  decided  that  four  aircraft  would  be  assigned  to  the  study  of  empennage 
loading  and  three  to  the  study  of  wing  and  centre  fuselage  loads.  For  comparison  purposes  certain  loads 
would  be  recorded  on  all  aircraft. 

4.  INSTRUMENTATION  REQUIREMENTS 

During  the  early  development  of  the  Tornado  a  number  of  aircraft  were  used  for  test  flight  purposes, 
two  of  these  being  strain  gauged  and  calibrated  to  measure  loads.  Experience  gained  from  this  exercise 
was  taken  into  account  in  the  SUMS  programme,  however  significant  compromises  were  necessary  when  applying 
load  calibration  approaches  to  service  aircraft.  The  development  aircraft  required  75  channels  for  loading 
parameters,  Table  1,  and  a  further  63  channels  for  the  computation  of  Inertia  loads  and  flight  conditions, 
these  covering  rotational  and  translational  velocities  and  accelerations,  control  surface  positions, 
altitude,  mach  number,  engine  rotor  speeds,  temperatures  etc.  A  recording  capacity  of  6096  samples  per 
second  was  used  whereas,  for  the  service  monitoring  exercise,  a  Plessey  recorder  limited  to  512  samples  per 
second,  was  used. 

As  noted  in  section  3,  the  actual  data  to  be  recorded  on  each  aircraft  differs  but,  as  an  example, 
Table  2  illustrates  the  requirements  for  all  aircraft  in  service.  The  first  aircraft  will  have,  as  Its 
primary  aim,  the  objective  of  determining  empennage  loading,  the  strain  gauge  channels  to  be  monitored 
being  those  shown  on  Table  3. 

The  aircraft  instrumentation  requirement  is  illustrated,  in  block  diagram  form,  on  Fig.  3.  Note  that 
although  nominally  40  signals  of  strain  gauge  data  are  available  only  16  will  be  recorded  on  any  single 
aircraft. 

In  order  to  arrive  at  the  loading  measurements  required  a  total  of  64  strain  gauge  bridges  were  used. 
As  a  result  of  the  work  on  the  first  aircraft  this  number  has  been  reduced  to  57  bridges  for  the  third  and 
subsequent  aircraft.  In  addition  there  are  three  "hot  spot"  gauges  installed  for  direct  comparison  with 
similar  atr&l*  -ies  In  the  major  airframe  fatigue  test. 
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5.  CALIBRATION 

The  load  calibration  of  each  aircraft  was  accomplished  using  a  purpose  built  loading  frame  into  which 
each  aircraft  was  positioned  (Fig.  4).  Leads  were  applied  to  existing  aircraft  hard  points  (such  as 
engine  mountings)  or  by  means  of  contour  boards  on  the  lifting  surfaces. 

Prior  to  applying  each  loading  case  the  structure  was  exercised  by  applying  the  calibration  loads  a 
minimum  of  three  times.  Strain  gauge  responses  at  the  zero  and  maximum  load  levels  were  recorded  in  each 
case.  The  actual  calibration  loads  were  then  applied  in  Increments  of  10%  up  to  the  maximum  load  before 
unloading  in  20%  decrements.  Each  calibration  load  case  was  repeated  three  times.  Table  4  provides  a 
summary  of  the  calibration  loading. 

Strain  gauge  responses  and  load  ceil  output  at  each  load  level  were  processed  on  a  VAX-11  computer  in 
order  to  identify  any  instrumentation  or  loading  problems  at  an  early  stage. 

Wing  and  fin  strain  gauge  bridges  were  electrically  combined  after  the  first  16  and  21  wing  and  fin 
load  cases  respectively  in  order  to  reduce  the  number  of  parameters  to  be  recorded.  The  signals  from  the 
combined  bridges  were  subsequently  recorded  on  the  ground  logging  system  for  a  further  21  wing  cases  and 
21  fin  cases.  Finally,  at  the  end  of  the  calibration,  four  cases  were  repeated  with  the  selected  bridge 
responses  recorded  on  the  on-board  SUMS  system. 

Equations  to  relate  loading  at  each  of  the  monitoring  stations  to  strain  gauge  responses  were  then 
derived  using  regression  techniques. 

6.  DATA  INTEGRITY 

Based  on  the  Improved  quality  of  data  obtained  in  the  Jet  Provost  empennage  studies  compared  with  the 
Jaguar  data  (ref.  10)  and  on  the  good  data  obtained  from  Nimrod  studies  performed  by  BAe  Woodtord,  coupled 
with  continuing  Improvements  in  instrumentation  it  was  decided  that  the  only  data  Integrity  checks  to  be 
performed  would  be  the  synchronisation  count,  checks  for  parity  errors  and  single  point  drop  out.  However 
this  decision  was  to  be  reviewed  following  the  examination  of  data  from  the  shakedown  flights. 

Instrumentation  checks  were  planned  to  take  place  throughout  the  programme.  These  Include  checks  of 
amplifier  sensitivities  and  recallbratlon  of  transducers  along  with  frequent  (weekly)  checks  of  datum 
values. 

The  assessment  of  the  importance  of  datum  drift  will  take  place  retrospectively.  There  is  no  correc¬ 
tion  for  datum  drift  on  the  software,  however,  pre  and  post  flight  values  will  be  determined  and  output 
for  further  analysis.  Initially  these  data  will  be  compared  with  fuel  states  and  stores  configurations. 

EMC  checks  were  included  as  part  of  the  checks  on  the  aircraft  system. 

7.  DATA  COMPRESSION 

The  large  quantity  of  data  generated  by  the  Tornado  SUMS  programme  requires  steps  to  be  taken  to 
reduce  the  analysis  time  as  much  as  possible.  The  Jet  Provost  studies  referred  to  earlier  (10)  highlighted 
problems  in  analycls  cost  and  time.  To  reduce  these  costs  hard  copy  traces  of  each  time  history  were 
examined  to  eliminate  "inactive"  time  slices  prior  to  subsequent  computer  analysis  of  the  data.  In  order 
to  reduce  the  amount  of  manual  intervention  required  in  the  analysis  process  in-flight  data  compression  Js 
built-in  to  the  Tornado  system.  One  method  of  achieving  such  a  reduction  in  data  was  that  described  by 
van  Dijk  and  Nederveen  in  their  paper  on  the  DEMON  system  (ref.  It)  whereby  a  range-filtering  process 
was  used  such  that  "the  load  events  detected  are  all  peaks  and  valleys  associated  with  a  change  of  at 
least  a  specified  range  -  threshold  value".  Only  these  peaks  and  valleys  were  recorded  (in  their 
chronological  sequence)  thus  giving  a  significant  reduction  in  the  amount  of  data  stored. 

A  different  approach  is  being  followed  on  Tornado  which  relies  on  identifying  periods  of  inactivity 
in-flight.  The  system,  which  has  been  developed  by  RAE  Farnborough,  relies  on  the  use  of  a  buffer  store 
prior  to  recording  the  flight  data.  The  system  switches  between  high  and  lew  sampling  rates  dependent 
upon  the  degree  of  activity  sensed  by  a  number  of  transducers  situated  on  the  aircraft.  During  low  level 
activity  the  sampling  rate  is  only  1  sps.  If  any  of  the  transducers  are  triggered  by  increasing  loading 
activity  then  the  system  can  take  data  from  two  seconds  before  the  event  to  four  seconds  after  the  event 
at  the  planned  fast  sampling  rates  (Table  2). 

8.  DEIZRMINATION  OF  LOCAL  STRESSES  FROM  OVERALL  LOADS 

The  .tier it  in  measuring  fatigue  structural  loading  rather  than  local  stress  histories  is  that  it  should 
be  possible  to  establish  stress  histories  at  any  location  on  the  airframe  from  the  overall  loading.  In 
specifying  a  load  monitoring  progranroe  on  an  aircraft  it  is  not  necessary  to  know  the  fatigue  critical 
locations  beforehand  whereas  a  stress  monitoring  survey  relics  on  the  need  to  know  the  areas  of  concern. 

Studies  have  been  performed  to  demonrtrate  the  way  in  which  stress  histories  can  be  derived  from  a 
knowledge  of  the  overall  loading  histories.  For  a  wide  range  of  load  cases  overall  loading  was  determined 
and  local  element  stresses  established  from  a  NASTRAN  finite  element  analysis  of  the  structure.  For 
particular  elements  algorithms  to  predict  local  stresses  from  overall  loads  were  determined  by  regression 
analysis.  Correlation  coefficients  of  between  0.97  and  1  were  achieved  for  a  representative  number  of 
cases  covering  taileron,  fin  and  wing  loading  actions  (Table  5). 

9.  SHAKEDOWN  FLIGHTS 

Prior  to  return  to  service  a  shakedown  flight  is  necessary  on  each  of  the  seven  alrcrait  in  o»*der  to 
provide  a  final  checkout  of  the  system.  The  particular  requirements  of  each  shakedown  flight  are  dependent 
upon  the  subsequent  data  gathering  exercise  for  which  the  aircraft  is  destined.  Typically,  for  an  aircraft 
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which  has  been  a1 located  to  a  study  of  talleron,  fin  and  rear  fuselage  loads,  the  list  of  manoeuvres  to 
be  performed  during  the  3hakedown  flight  Is  as  shown  on  Table  6. 

10.  DATA  COLLECTION 

The  seven  SUMS  aircraft  will  enter  service  over  a  two  year  period.  At  a  peak  approximately  3wv 
hours  of  data  per  year  will  be  recorded.  Data  will  be  forwarded  to  BAe  Warton  on  completion  of  every 
three  flights  per  aircraft.  The  data  package  will  consist  of  3  flight  cassettes,  3  identifying  cassette 
proformas  and  associated  fatigue  meter  readings,  sortie  code  and  stores  information.  The  cassette  data 
will  be  checked  out  on  a  ground  replay  unit  and  will  then  be  transferred  to  a  computer  compatible  tape 
(CCT).  Identifying  header  information,  including  the  fatigue  meter  readings  and  associated  sortie  data, 
will  also  be  added  to  the  CCT  (Table  7). 

11.  GROUND  ANALYSIS 

A  number  of  studies  will  be  performed  using  the  recorded  data  once  It  has  been  verified  and 
synchronised  (Fig.  5).  These  are  described  below. 

1.  Accelerometer  responses  will  be  used  to  calculate  aircraft  eg  normal  accelerations  and  the 
resulting  time  history  will  then  be  analysed  using  .fatigue  meter  counting  methods  so  that  a 
comparison  can  be  made  with  recorded  fatigue  meter  data. 

2.  The  "hot  spot"  strain  histories  will  be  analysed  by  ralnfiow  techniques  and  the  results  compared 
with  those  from  similar  gauges  on  the  airframe  fatigue  test. 

3.  Following  a  conversion  of  the  strain  gauge  responses  into  load-time  histories  load  spectra  for 
different  structural  components  (fin,:  talleron  etc.)  will  be  derived  as  a  data  base  for  the  future. 

4.  For  a  number  of  selected  areas  of  the  structure  (chosen  as  being  likely  to  be  the  most  important 
from  a  fatigue  point  of  view  -  see  Table  8)  stress-time  histories  will  be  generated  using  relation¬ 
ships  similar  to  those  outlined  in  section  8.  Matrices  of  mean  and  alternating  stresses  will  then 

be  derived  by  means  of  a  ralnfiow  analysis  using  an  RAE  program  (refs.  12  and  13)  and  fatigue  damage 
per  sortie  code  calculated.  The  fatigue  performance  data  for  each  selected  structural  feature  will 
be  based  on  either  major  airframe  fatigue  test  knowledge  or  generalised  design  criteria.  Test 
experience  will  take  precedence. 

5.  For  areas  monitored  by  the  fatigue  meter  the  damage  per  flight  will  be  compared  with  that 
derived  from  the  load-time  history  traces. 

6.  A  limited  study  to  determine  the  damaging  areas  within  each  sortie  code  will  be  performed  as  an 
aid  to  fleet  management  and  fatigue  conservation.  This  btudy  will  include  the  use  of  plots  of 
cumulative  damage  versus  time  (13). 

7.  The  damage/sortie  data  will  be  used  for  fleet  management  purposes. 

8.  In  the  longer  term  studies  will  be  made  of  the  use  of  aircraft  parameters  to  monitor  fatigue 
usage.  These  studies  will  attempt  to  form  load  predictor  equations  from  measured  load  and  parameter 
time  histories  (see  section  3)  with  two  objectives  in  mind. 

(i)  to  enable  the  longer  term  monitoring  on  the  seven  SUMS  aircraft  to  be  accomplished  using 
parameter  recording  rather  than  by  using  strain  gauge  responses  (a  greater  degree  of  long 
term  integrity  was  expected  from  the  parameter  transducers) 

(ii)  to  enable  studies  to  be  made  of  simplified  methods  of  monitoring  for  possible  fleetwide 
usage  (for  example  can  fin  load  be  monitored  simply  by  measuring  rear  fuselage  lateral 
acceleration?). 

12.  CONCLUSIONS 

Following  a  summary  of  the  background  work  which  led  to  the  definition  of  the  requirement  for  a 
comprehensive  fatigue  monitoring  study  on  seven  RAF  Tornado  aircraft  a  brief  description  of  the  instrumen¬ 
tation,  calibration  and  ground  analysis  techniques  was  discussed. 

Initially  the  main  effort  was  seen  to  be  based  on  the  use  of  loads  data  derived  from  strain  gauge 
responses  from  fully  load  calibrated  aircraft.  At  a  later  stage  it  is  planned  to  make  use  of  load  predic¬ 
tion  equations  derived  from  flight  response  parameter  data. 

Longer  term  plans  to  examine  simplified  methods  of  approach  for  fleetwide  fatigue  monitoring  are  also 
noted. 
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TABLE  1 

DEVELOPMENT  AIRCRAFT  "LOADS"  CHANNELS 


ITEM  CHANNELS 

Starboard  wir.’  -  main  surface  9 

-  slat  tracks  6 

-  slat  jacks  2 

•  spoiler  position  2 

Port  wing  -  main  surface  6 

-  flap  tracks  5 

-  spoiler  jacks  2 

-  flap  jacks  2 

-  Kruger  flap  jack  1 

-  spoiler  position  2 

Starboard  talleron  5 

Port  talleron  5 

Fin  7 

Heat  exchanger  fairing  2 

Rear  fuselage  13 

Front  fuselage  2 

Rudder  jack  1 

Airbrake  jack  (port)  1 

Starboard  wing  sweep  actuator  1 

Port  wing  sweep  actuator  1 

Total  load  channels,  excluding  stores  75 


TABLE  2 

SELECTED  DATA  RECORDING  FOR  FIRST  AIRCRAFT 

ITEM  SAMPLES/ SECOND 


15  stain  gauge  responses  16  each 

1  strain  gauge  response  32 

elapsed  time  (minutes,  seconds)  2+2 

airspeed  4 

altitude  t, 

outside  air  temperature  4 

flap  position  4 

slat  position  4 

H  P  rpm  (port)  4 

H  P  rpm  (starboard)  4 

wing  sweep  angle  2 

power  lever  setting  (port)  2 

power  lever  setting  (starboard)  2 

nozzle  area  (port)  4 

nozzle  area  (starboard  4 

talleron  position  (port)  16 

talleron  position  (starboard)  16 

rudder  position  8 

outboard  spoiler  (port)  16 

inboard  spoiler  (starboard)  16 

6  accelerometers  (3z,  2x,  ly)  16  each 

Total  486 


The  remaining  26  samples /second  are  used  for  control  purposes. 

During  quiescent  period  ail  sampling  rates  are  compressed  to  1  sample/second. 


TAIM5  3 

STRAIN  GAUGE  CHANNELS  TO  R2  RECORDED  ON  1st  AIRCRAFT 

•  Wing  root  binding,  p^rr 

.  Wing  root  bending,  starboard 

•  Wing  station  1  bending,  starboard 
.  Wing  station  2  bending,  starboard 
.  Rear  fuselage  bending 

•  Taileron  root  shear,  port 

.  Taileron  root  bending  momenf  ,  port 

•  Taileron  root  torsion,  port 
.  Taileron  Jack  load,  port 

.  Taileron  root  she-tr,  starboard 
.  Taileron  root  bending  moment,  staiboord 
.  Taileron  root  torsion,  starboard 

•  Taileron  Jack  load,  starboard 

.  Fin  root  shear 

.  Fin  root  bending  moment 

•  Fin  root  torque 


TABLE  4 

CALIBRATION  LOADING  -  SUMMARY 
Wing  loading  points  10 

Loading  cases,  uncombined  strain  gauge  bridges  16 

Loading  cases,  combined  strain  gauge  bridges  21 

Fin  loading  points  11 

Loading  cases,  uncombined  strain  gauge  bridges  21 

Loading  cases,  combined  strain  gauge  bridges  21 

Taileron  outer  bearing  ca3es  8 


Taileron  panel  loading  points 
Loading  cases 


9 


20 


16-8 


TABLE  5 

AOCU-TACY  OF  THE  CALCULATION  OF  LOCAL  LOABS  OR  STRESSES 
FROM  OVERALL  LOADING 


STRUCTURAL 

PARAMETER 

LOCATION 

FORM  OF 

COMPONENT 

EQUATION 

Tallecon 

spanwide  stress 

rear  spar,  outboard 

1 

Skins 

spanwlse  stress 

rear  spar,  Inboard 

1 

chordwlse  stress 

root  rib,  forward 

l 

spanwlse  stress 

front  spar,  outboard 

1 

Fin 

end  load 

forward  pick  up 

1 

end  lo^d 

centre  pick  up 

1 

end  load 

rear  pick  up 

2 

principal  stress 

front  spar 

1 

Wing 

principal  stress 

inboard 

8 

Skins 

principal  stress 

outboard  pylon 

4 

principal  stress 

Inboard  rib 

3 

Wmg  Carry- 

end  load 

aft,  outboard  link 

5 

Through  Box 

end  load 

forward,  outboard  link 

6 

end  load 

aft,  centre  post 

6 

end  load 

forward  centre  post 

7 

NOTES 

Equations  are  of  the 

form: 

i. 

Parameter  -  aM  ♦ 

bs  -  cr 

2. 

Parameter  -  + 

bT 

3. 

Parameter  aMl 

f  bK2  ♦  cT 

4. 

Parameter  -  aM  + 

bTl  ♦  cT2 

5. 

Parameter  «  aS 

b(Msln  0  +  Tcos9) 

6. 

Parameter  *  aMlcosO  +  b(M2»ln0  -f  TcosO) 

7. 

parameter  ■  aS  ♦ 

bMlcosQ  t  c(M2sin0 

+  TcosO) 

8. 

Parameter  -  aM 

where  *,  b,  c  ere  coefficients 

M,  T,  S  ere  SUMS  measured  bending  moments,  shear  torque 
9  Is  a  measure  of  wing  sweep 


CORRELATION 

1 ,0000 
1,0000 
0,9999 
1 ,0000 

0,9982 
f ,9999 
1 ,0000 
0,9916 

0,9964 

0,9999 

1,0000 

0,9999 

1,0000 

0,9714 

0,9997 


■  %/*(**&**  ^rf? ' 
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DEDICATED  SHAKEDOWN  FLIGHT  «A '■'OEUVRES  FOR  AIRCRAU 
ALLOCATED  TO  EMPENNAGE  LOADING  STUDIES 


Prior  to  f? ight 

1.  Record  all  ground  datums 

2.  Move  ail  control  surface#  their  full  travel  and  hold 
During  flight 

1.  Perform  datura  manoeuvi  •'s 

X«l  0  to  2g  roller  coaster  at  forward  wing  sweep 

1.2  Steady  heading  tideslip 

2.  Forward  wing  sweep 

2.1  Wind  up  turn 

2.2  Throe  rapid  roils  at  different  'g'/M/alt  combinations 

3.  Mid  wing  sweep 

3.1  Wind  up  turn 

3.2  Six  rapid  rolls  at  different  g/M/altitude  combinations 

4.  Aft  wing  ? veep 

4.1  Wind  up  turn 

4.2  five  rapid  rolls  at  different  g/M/alt>cude  combinations 

5.  Repeat  datum  manoeuvres  before  landing 

Post  flight 

1#  Record  ail  ground  datun  values. 


TABLE  7 

HEADER  BLOCK  INFORMATION  ON  THE  COMPUTER  COMPATIBLE  TAPE 

Cassette  serial  number  and  flight  number 

Date  tecorded  and  repla>ed 

Aircraft  Tail  Number 

Sortie  pattern  code 

Fatigue  meter  counts 

Fuel  at  start 

Fuel  received  (air-to-air) 

Fuel  at  shut  down 

Stores  at  each  of  seven  pylon  locations 


TABLE  8 

FATIGUE  MONITORING  LOCATIONS 

GENERAL  AREA  NUMBER 

Forward  fuselage 

Centre  fuselage 

Rear  fuselage 

Wing 

Wing  carry  through  box 

Taileron 

Fin 


OF  LOCATIONS 
1 

7  +  7 
6+3 
3  +  3 
5+3 
6  +  6 
4 


NOTE:  Locations  shown  a  +  b  imply  monitoring  on  both  port 
and  starboard  sides 


Flgl  TORNADO 


S  Shear 

B  Bending  Moment 
T  Toulon 

M  Fuselage  Vertlcel  Bending 


Flg2  Loed  Monitoring  Stations 
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SUIVI  OtS  CHARGES  EN  SERVICE  DANS  L'ARMEE  DE  L  'AIR  FRANCAISE 
DEFINITION  O'UN  NOUVEAU  MATERIEL 


L.  dARANES  ET  3.P.  CORNANO.STPA  4,  Av.  de  la  Porte  d'Issy  PARIS  (FRANCE) 


I..  INTRODUCTION. 

Cet  expose  presente  brieve>ient  le  developpement  d'un  nouveau  systeme  de  sulvl  es 
charges  en  service  pour  les  avlons  de  l'Armee  de  I'Alr  Frangaise.  Ce  systeme  a  ete  devcloppe 
pour  remedler  aux  lacunes  des  systemes  actuels  (accelerocompteurs)  en  offrant  une  possibi¬ 
lity  d'acqulsltlon  de  parametres  multiples  associee  a  une  mellleure  logique  de  rerfnctlor.  dc 
donnees.  Les  nnlnts  sutvant*  sent  presences  . 

-  Le  sulvl  des  charges  actuel,  en  Inslstant  sur  les  problemes  poses  par 
l'utlllsatlon  de  "simples"  accelerocompteurs. 

-  La  definition  des  caracteristlques  d’un  nouveau  systeme  et  1 'experimenta¬ 
tion  des  prototypes. 

-  La  description  de  la  version  de  serle  de  ce  nouveau  systeme  (SPECS). 

-  Les  applications  envisagees  et  les  developpements  futurs  conslderes 

pour  le  systeme. 

II.-  HISTORIQUE  -  SITUATION  ACTUELLE. 

A  I'heure  actuelle  la  plupart  des  flottes  d'avlens  de  combat  de  l'Armee  de  I'Alr 
sont  egulpes  dans  une  proportion  importante  d'acce.'  'rocompteurs  coome  moyen  standard  de 
sulvl  des  charges  en  service.  (Cf.  PI.  1) 

L'utlllsatlon  de  ces  apparells  est  malntenant  generalement  acceptee  et  a  deja  permis 
de  montrer  1'utlllte  du  sulvl  des  charges  sur  les  avlons  de  combat. 

Sans  revcnlr  sur  les  differents  avantages  qu'on  peut  theorlquement  tlrer  de  ce  sulvl, 
on  peut  neanmoins  clter  deux  exemples  de  retombees  positives  : 

-  Le  Mirage  FI  emporte  en  bout  de  vollure  deux  englns  Magic.  Ces  englns  sont  m.  'uj 
d'ailettes  lmportantes  pour  permettre  une  bonne  manoeuvrability,  mals  quand  11s  sont  Ilia 
a  l'avlon,  lls  sublssent  de  ce  fait  des  efforts  aerodynamlques  importants  qul  accrolssent 
notablement  le  moment  de  flexion  par  G  le  long  de  la  vollure.  Combine  avec  le  pourcentage 
Important  de  vols  ou  ces  englns  sont  emportes,  ce  fait  avalt  une  Influence  negatl>  r  tres 
Importante  sur  la  tenue  en  fatigue  de  la  vollure. 

Cet  effet  a  ete  mis  en  lumlere  par  la  campagne  de  sulvl  des  charges  sur  le  FI  et 
en  consequence  11  a  ete  decide  d'utlllser  pour  les  missions  non  operatlonnelles  on  Magic 
d'entralnement  a  ailettes  rognees,  voire  supprlmees,  afln  d'annuler  cette  augmentation  du 
moment  de  flexion. 

-  Le  OAGUAR  est  un  avion  d'appui  franco-hrltannlque  en  service  dans  les  Armees  de  I’Alr 
des  deux  pays.  Le  sulvl  des  charges  dans  l'Armee  de  I'Alr  frangalse  a  montre  une  utlll  .atlon 
nettement  moins  severe  que  dans  la  Royal  Air  Force  et  a  alnsl  permis  de  limiter  ct  dr  retar¬ 
der  l'appllcation  de  modifications  cout  -es,  avec  les  economies  correspondantes. 

D'un  autre  cote  l'utlllsatlon  d1 accelerocompteurs  a  donne  lieu  a  un  certain  oombre 
de  dlfficultes  llees  aux  limitations  de  ce  systeme  : 

.  Apparell  monocanal  :  e'est  la  limitation  la  plus  evldente  :  ce  systeme  ne  donne 
pas  d'informatlon  sur  un  phenomene  non  lie  directement  «.u  parametra  mesure  (dans  ce  cas  l'ac- 
celeratlon  vertlcale  ou  centre  de  gravite).  Parmi  les  points  d'interet  non  accesslbles  flgu- 
rent  par  exemple  les  charges  sur  les  parties  arrleres  de  l'avlon  ou  les  cnarges  dissymetriques. 

.  Loqlque  de  comptage.  La  logique  de  reduction  de  donnees  adoptee  etalt  facile  a  rea- 
llser  avec  Ta  technologle  disponlble  quand  cet  ap  ell  a  ete  congu,  mals  elle  lmpliaue  une 
Importante  perte  d'informatlon. 

Cette  perte  peut  conduire  a  des  problemes  lorsqu'on  dolt  reconstituer  un  spectre 
avec  les  quelques  points  de  mesure  obtenus  (necessite  d  'tabllr  des  regies  d‘ interpolation  et 
d'extrapolatlon),  surtout  quand  les  nlveaus  de  comptage  a*,  jnt  pas  bien  adaptes  au  spectre  a 
obtenlr.  Le  resultat  final  (par  exemple  une  vltesse  d 'ei  i , .  igement  en  un  point  de  la  structure) 
est  lul  tres  sensible  a  la  vine  adequation  de  ces  regies. 

On  peut  clter  comme  exemple  le  cas  d’un  avion  de  surveillance  maritime  pour  lequel 
les  nlveaux  de  comptage  n'etalent  inltlalement  pas  tres  resserres  dans  la  bande  1-5  a  2  G.  Le 
spectre  mesure  etant  asset  plat,  11  etalt  considers  satlsfalsar.t  d’utlllser  une  interpolation 
llnealre  entre  deux  nlveaux  de  comptage  voisins,  on  l'occurence  ’,3  et  1,8  G.  Cependant  comme 
les  charges  de  cette  amplitude  etalent  les  plus  endommageantes  -  compte  tenu  de  leur  frequence  -, 
11  a  ete  decide  d'augmenter  la  precision  des  “esures  dans  cette  zone  (au  detriment  d'autres, 
le  nembre  total  de  nlveaux  de  comptage  etant  fixe)  en  (ntrodnlsant  des  comptages  aux  nlveaux 
1,3,  1,5,  1,£5  et  1*8G.  Cette  introduction  a  permis  1 'etablissemcnt  de  regies  a' Interpolation 
ldgerement  differentes  qul,  appllquees  a  la  meme  base  de  donnees,  se  traduisent  par  une  diffe¬ 
rence  de  prs  de  20  %  avec  la  duree  *e  inltia'a.  (Cf.  PI.  2) 
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Oe  plus  cette  loglque  de  coaiptage  ne  permet  pas  d'apprehender  deux  effets  auxquels 
lea  modules  actuels  de  fatigue  et  de  propagation  accordent  one  place  importante.: 

-  La  sequence  des  charges 

-  La  valeur  des  charges  maxlmales  subles  :  le  nombre  limite  de  compteuis 
dlsponlbles  oblige  en  effet  a  repartlr  les  nlveaux  de  comptage  sur  toute  la  plage  des 
facteurs  de  charge  utlllsables  avec  une  denslte  asset  falble  (typlquement  1  a  1,5G  entre 
deux  nlveaux  consecutlfs  pour  un  avion  de  combat). 


.  Recuell  des  Informations  :  la  necesslte  de  lire  et  transcrlre  manuellement  les 
Informations  cree  une  charge  de  travail  tres  raisonnable  pour  de  i-etltes  campagnes  de  sulvl, 
mats  de  plus  en  plus  difficile  a  accepter  pour  le  sulvl  a  long  terme  de  f  lot'  a  omportantes . 


111.-  NUUVELLE  PEnCErTIuri  Du  BEauIM. 

Ces  dernleres  annees  ont  vu  se  develcooer  en  parallele  deux  phenomenes  : 

-  la  prise  de  conscience  par  l'utlHsaten-  que  le  sulvl  en  service  pouvalt  avoir  des 
effets  concrets  posltlfs.  Blun  que  la  mlse  en  place  de  ce  sulvl  alt  commence  au  milieu  des 
annees  solxante  dix,  les  resultats  ne  sont  devenus  vralment  slgnlflcatlfs  et  exploltables 
que  lorsque  la  majorite  des  avlons  d'une  flotte  a  ete  equipe  pendant  un  pourcentage  Important 
de  leur  temps  de  vol.  Ousqu'a  ce  moment  la  les  Informations  fouriiles  etaient  de  nature  statls- 
tlque,  ce  qul,  sans  manquer  d'interet,  offralt  peu  de  posstbllltes  d'action.  Par  contre 

une  bonne  connalssance  du  passe  de  chaque  avion  permet  d'envlsager  des  actions  de  gestion  dc 
flotte,  et  l'arrlvee  a  ce  stade  a  fait  naltre  dans  l'Armee  de  l'Alr  un  lnteret  croissant, 
ossocle  a  des  demandes  nouvelles  (presentation  des  resultats,  travaux  d' extrapolation  ...) 

-  la  prise  de  conscience  de  plus  en  plus  algiie,  au  seln  des  organlsmes  charges  de 
1 1  exploitation  des  mesures,  des  dlfflcultes  et  limitations  cltees  plus  haut  : 

.  apparel)  mono-canal, 

.  loglque  de  reduction  de  donnees  peu  performante, 

.  transcription  manuelle  des  donnees 

et  de  la  necesslte  de  disposer  d’un  moyen  d' investigation  plus  performant,  en  parti- 
culler  au  vu  des  points  sulvants  : 

-  le  soucl  d'etudler  des  charges  non  llees  au  facteur  de  charge  vertical 
(charges  sur  empennages  horizontal  ou  vertical  par  exemple,  charges  llees  a  une  utilisation 
partlcullere  :  tlr  canon,  vrllles  ...  a  une  configuration  partlcullere  I  charges  sur 
disposltlf  hypersustentateurs). 

-  le  soucl  d'etudler  les  charges  subles  par  des  avlons  plus  gros  ou  la  souplessc 
de  la  structure  a  une  Influence  Importante  sur  les  charges  qu'elle  sublt  (avlons  de  trans¬ 
port  par  exemple). 

-  le  soucl  d1 Identifier  mleux  les  causes  de  1 'endommagement  des  avlons.  Ce  soucl 
est  en  partloulier  motive  par  la  constatation  falte  ces  dernleres  annees  selon  laquelle  la 
severite  de  l'utllisatlon  des  flottes  allait  en  croissant,  sans  que  cette  tendance  alt  trouve 
une  exmpllcatlon  ratlonnalle  et  certaine.  (Cf.  PI.  3) 

-  la  complication  Important;;  apportee  au  sulvl  des  charges  par  ^utilisation  de 
commandes  de  vo)  electriques  sur  des  avlons  come  le  Mirage  2000,  qul  introdulsent  des 
couplages  dont  les  effets  sont  dlff Idles  a  cerner  sans  le  sulvl  d'un  ensemble  eomplet  de 
parametres. 


Pour  lllustrer  ce  point  on  peut  ir.diquer  que  des  charges  majorantes  sur  la 
derive  du  Mirage  2000  ont  ete  obtenucs  dans  un  cas  de  ressource  symetrique,  avec  enport  tie 
charges  dlssymetrlques  =  la  dlssymetrle  de  la  configuration  entralne  un  braquage  des  elevons 
dlssymetrlques  et  un  braquage  du  drapeau,  les  COVE  cherehant  a  malntenlr  pendant  la  manoeuvre 
les  alles  horizontales  et  l'absence  de  derapage.  Dans  un  cas  da  vol  ou  cette  manoeuvre  attei- 
gnalt  la  saturation  des  servocomntandes  des  elevons,  le  braquage  drapeau  demande  s'est  trouve 
excessif  et  a  lndult  un  derapage  Important. 

La  prise  dc  conscience  de  ce  besoln  n'a  bien  sur  pas  ete  limltee  a  la  France 
et  le  developpement  de  nouveaux  systemes  d'acqulsitlon  a  ete  lance  dans  un  certain  nombre  de 
pays.  Cependant  les  materiels  connus  a  la  fin  des  annees  70  ne  paralssant  pas  repondre  comple- 
tement  aux  besolns  cels  qu'lls  etaient  pergus  en  France,  les  Services  Officiels  Fra.ncals  se 
sont  penchessur  la  definition  d'un  nouveau  type  de  materiel  apte  a  completer  l'accelero- 
compteur. 

Ce  travail  a  ete  pour  sa  plus  grande  partle  effectue  au  CEAT  (Centre  d'Essais 
Aeronautlque  de  Toulouse),  fort  blen  place  pour  l'effectuer  pulsqu'll  a  la  charge  de  Sex¬ 
ploitation  de  pratlquement  toutes  les  campagnes  de  releves  sur  les  avlons  mllltaires  frangais. 

La  reflexion  s'est  artlculee  autour  des  axes  sulvants  : 


a)  Le  materiel  a  deflnlr  devralt  pouvolr  servlr  : 

.  a  l'etude  d'un  probleme  ldentlfle, 
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.  a  la  bonne  connaissance  des  charges  sur  quelques  avions  d'une  flottc,  afln 
de  permettre  un  recalage  des  autres  avions  equlpes  d'un  moyen  de  sulvi  plus 
simple  (cette  optique  correspond  sensiblement  a  celle  exprimee  par  l'USAF 
dans  i'ASIP  (Air  Force  Structural  Integrity  Program)  :  MIL-STD-1530) . 

b)  II  devrait  fournir  une  Information  da  bonne  "quail te",  c’est-a-dlre  permettant  d'effec- 
t  er,  immediate'.ient  ou  a  posteriori,  des  correlations  entre  parametres  et  des  calculs  de 
fatigue  ou  de  mecanique  de  la  rupture  suivant  toute  loi  de  comportement  cholsie  par  l'uti- 
sateur. 

c)  II  devrait  etre  suffisamment  petit  pour  etre  installe  sans  degradation  des  performances 
sur  un  avion  de  combat  operationnel  et  con  utilisation  devrait  poser  la  contrainte  la  plus 
faible  possible  au  personnel  met tan t  l'avion  en  oeuvre. 

d)  II  devrait  etre  autant  que  possible  banalise  poo**  que  son  adaptation  d  -ne  utilisation  a 
1 'autre  soit  aisee.  II  a  ete  considere  des  l'oriuine  n» i*  ce  "»a^eriel  r.c  3C*aIt  piubablc- 
.T.6r«t  iioldlle  qu'en  petit  nombre  sur  un  type  d 'avion  donne  et  pourrait  etre  utilise  suc- 
cessivement  pour  plusieurs  applications. 

e)  La  gestion  et  1 'exploitation  des  informations  recueillies  devrait  etre  la  plus  simple  pos¬ 
sible. 


Les  principaux  choix  a  falre  portant  sur  les  informations  a  recueillir  et  le 
principe  de  fonctionnement,  ceux-ci  ont  ete  examines  successivement  : 

Informations  a  recueillir. 

Elies  sont  de  deux  natures  ; 

-  les  "parametres  d'utilisation"  (date,  unite,  base,  mission,  configuration,  evenements  spec; 
fiques  au  vol  ...)  necessaires  pour  une  exploitation  statlstique  fine  et  dans  certains  cas 
pour  le  calcul  des  charges  lui-meme, 

-  les  parametres  permettant  d'acceder  a  1* evolution  des  charges  aux  points  de  l'avion  consi- 
deres.  Ils  peuvent  etre  en  nombre  tres  variable  et  de  differents  types  : 

-  Jauges  de  contraintes, 

-  parametres  avion  :  vitesses,  accelerations,  altitude,  Mach,  braquages,  confi¬ 

guration  aerodynamique,  masse  ... 

-  temps. 

Principe  de  fonctionnement. 


Les  "parametres  d'utilisation"  cites  ci-dessus  sont  discrets  (une  valeur  par  vol) 
et  ne  sont  en  general  pas  accessibles  par  une  mesure  mais  doivent  etre  obtenus  aupres  de  l'utl* 
lisateur. 


Le  traitement  des  autres  parametres  pour  obtenir  par  exemple  une  estimation  de 
1 1 endommagement  peut  se  falre  selon  differents  procedes  lndlques  dans  la  planche  4. 

Las  principals  remarques  qu'on  peut  falre  sur  ce  tableau  sont  : 

.  les  materiels  des  colonnes  1  et  2  sont  trop  rudimentaires  ou  pas  suffisamment  au  point  dans 
leur  etat  actuel  pour  repondre  au  probleme, 

.  les  materiels  de  la  colonne  3  necesjitent  un  volume  considerable  de  stockage  a  bord  et  de 
traitement  au  sol,  certainement  redhibitoire  pour  un  enreglstreur  multiparametres.  Ils  ne 
semblent  guere  adaptes  au  probleme  du  sulvi  contlnu,  sauf  dans  certains  cas  ou  des  avantages 
specif iques  peuvent  les  rendre  interessants, 

.  le  principe  de  la  colonne  5  presente  un  inconvenient  maje*jr  :  celui  d'utiliser  un  calcul 
necessairement  fige  et  de  ne  pas  lalsser  subsister  les  informations  interrvalaires  necessai¬ 
res  a  d' autres  traitements  (statistiques,  correlations,  passage  d'un  modele  d' initiation 
a  un  modele  de  propagation  de  fissure  par  exemple). 

Le  principe  d'enregistrement  avec  reduction  de  donnees  a  done  ete  retenu,  car 
compatible  avec  les  objectifs  recherches.  Gestalt  a  cholsir  la  logique  de  reduction  de 
donnees  qui  permettrait  la  perte  d ' information  minimale. 

Apres  examen  des  log*.;ues  les  plus  frequemment  rencontrees  (Cf.  planche  5)  et 
au  vu  des  criteres  de  choix  exposes  ci-dessus,  il  a  ete  decide  de  retenir  une  logique  asso- 
clant  la  detection  d' extrema  et  la  notion  de  parametre  "pilote"  : 

■  Motion  de  parametre  pilote. 

II  a  ete  considere  que  si  la  reconstitution  de  l'histoire  des  contraintes  en  up 
point  pouvait  necessiter  la  connaissance  d'un  nombre  relativement  eleve  de  parametres  (sauf 
evidemment  si  une  mesure  directe  est  faite  en  ce  point),  un  certain  nombre  de  ces  parametres 
etaient  a  variation  relativement  lente  voire  nulle  (ex  :  masse  de  carburant,  Mach,  configu¬ 
ration  ,..)  et  done  que  ce  n'etait  pas  ceux-ci  qui  determineraient  un  evenement  slgnificatif . 
On  a  done  decide  d'isoler  et  de  ne  "traiter"  par  la  logique  de  reduction  de  donnees  que  le 
petit  nombre  de  parametres  a  evolutions  rapides  (ex  :  facteur  de  charge,  vitesse  de  roulis  ..) 
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permettant  d'isoler  ces  evenements  signlficatif s  .  Lorsque  la  logique  de  trlaurait  detects  un 
extremum  (voir  ci-dessous)  sur  un  de  ces  parametres,  dita  "pilotes"  dans  la  suite ,  1* ensem¬ 
ble  des  autres  parametres  serait  acquis  simultanement  a  cet  instant  Juge  interessant.  (Cf.  PI. 7) 

Detection  d1 extrema. 

La  logique  de  triretenue  eat  1* extraction  et  le  stockage  sequentiel  des  extrema. 


Ce  tri  s'effectue  a  partir  d'un  algorithme  simple,  base  aur 


(Cf,  PI.  6) 


-  la  numerisation  du  signal  a  une  cadence  suffisante  au  vu  des  frequences  carac- 
teriatiques  des  phenomenes  consideres. 

-  la  reconnaissance  d’un  extremum 

-  la  reconnaissance  du  caractere  signlficatif  d'un  extremum,  basee  sur  une 
valeur  de  "seuil"  choisie  a  priori. 

(Un  extremum  est  juge  signlficatif  et  done  conserve  si  il  est  separe  de 
1’ extremum  precedent,  et  done  de  sens  oppose,  par  une  valeur  au  moins  egale 
a  ce  seuil). 

Cette  logique  presente  les  avantages  suivants  : 

.  elle  permet  1' utilisation  de  1* ensemble  des  lois  de  comportements  actuelles 
ou  envisagees, 

.  elle  permet  une  bonne  reconstitution  de  1'histoire  d'un  vol,  y  comprls  la 
chronologie  des  evenements,  la  distribution  entre  les  differentes  phases  du 
vol  .... 

Par  contre  elle  presente  quelques  inconvenients  : 

.  elle  necessite  un  volume  c «  stockage  relativement  important, 

.  ce  volume  est  variable  d'un  vol  a  1 'autre,  et  de  maniere  imprevislble,  puis- 
qu'il  depend  de  la  severite  du  vol.  Cette  variability  necessite  de  conserver 
des  marges  au  niveau  du  moyen  de  stockage  utilise  pour  ne  pas  risquer  de 
perdre  de  1' information. 


IV.-  DEVELOPPEMENT  DU  SPEES. 


Les  objectifs  et  les  principes  degages  ont  conduit  le  CEAT  a  developper  un  systeme 
probatoire  destine  a  montrer  la  faisabilite  de  l'approche  consideree. 

Ce  systeme,  connu  sous  le  sigle  SPEES  :  Systeme  Prototype  pour  1' Etude  de  I'En- 
dommagement  Structural,  a  ete  construit  avec  les  performances  suivantes  : 

-  capacite  d' acquisition  de  16  parametres  dont  4  pilotes,  plus  le  temps  ecoule 
depuis  le  debut  du  vol, 

-  cadence  de  numerisation  de  50  Hi 

-  afin  de  ne  oas  etre  limite  par  la  capacite  de  stockage  pour  les  experimentations, 
un  systeme  de  stockage  a  capacite  tres  large  a  ete  choisi,  en  1' occurence  un  enre- 
gistreur  magnetique. 

Ce  materiel,  construit  sans  satisfaire  aux  normes  aeronautiques  et  sans  souci 
lmmediat  de  compacite,  s' est  revele  relativement  volumineux  : 

calculateur  :  1  ATR  long 
+  enregistreur  :  1/4  ATR  court. 

Ce  materiel  a  connu  deux  experiences  d 'utilisation  : 

-  quelques  vols  sur  Mirage  III  B  du  CEV,  l'appareil  etant  utilise  au  maximum  de  sa  capacite. 
Cette  operation  a  mis  en  evidence  le  bon  fonctionnement  He  l'appareil  mais  le  caractere 
limite  de  l'experience  n'a  pas  permis  d'examiner  1'ense.oble  des  problemes  d'utilisation 
operationnelle  ; 

-  une  canpagne  sur  Transall  en  service,  l'appareil  etant  uniquement  relie  a  un  3ccelero- 
metre  dans  une  premiere  phase.  Cette  campagne  a  fait  apparaltre  une  lacune  importante  : 

1 'absence  d' acquisition  des  param-tres  d'utilisation  qui  doivent  actuellement  etre  recueil- 
lis  separement,  en  vue  d'une  adjonction  aux  mesures  durant  le  traitement  :  Ce  procede  est 
tres  contraignant  et  presente  des  risques  d'erreurs  importants. 

Cependant  cette  camnagne  limitee  a  deja  permis  d'illustrer  de  fagon  panels 
spectaculaire  la  tres  grande  diversite  des  charges  subies  par  cet  avion  en  fonction  du  profil 
de  mission  sulvi.  (Cf.  PI.  9) 

A  la  suite  de  ces  premiers  resultats  encourageants,  il  a  ete  decide  de  procedev 
au  developpement  industriel  du  systeme.  Apres  consultation  ce  developpement  a  ete  confie  a 
la  societe  Eloctronique  Serge  Dassault,  et  le  sigle  SPEES  a  ete  conserve,  mais  en  prenant  la 
signification  Systeme  Pour  1 'Etude  de  1 ' Endommagement  Structural,  nwrquant  done  la  perte  du 
caractere  prototype  de  ce  materiel. 


En  parallele  avec  le  developpement  du  materiel  de  serie,  ESO  a  realise  a  partlr 
d'un  materiel  d'essals  en  vol  exlstant  un  prototype  Industrlcl  qul  fait  actuellement  ses 
premiers  vols  sur  un  des  prototypes  du  Mirage  2000.  Les  mesures  recuelllies  servlront  de 
support  au  developpement  des  programmes  d'exploltation  actuellement  en  cours.  ta  planche8 
donne  la  liste  des  parametres  inltialement  retenus  pour  cette  operation. 

V.-  DESCRIPTION  DO  SPEES  DE  PRODUCTION. 

La  version  initiale  du  materiel  a  comme  caracteristiques  principales  : 

.  bottler  1/4  ATR  court  (57  x  190  x  380  mm)  massed  5  kg  (Cf.  PI.  10) 

.  alimentation  400  Hr  triphasc 
.  Capaclte  d'acquisition  : 

20  voles  analoqlques  haut  niveau  (0  a  +  5  V)  et/ou  bas  niveau  (t  IS  mV) 

(cas  par  exemple  de  Jauges  de  contraintes  :  le  systeme  est  alors  capable  de 
fournir  l'alimentation  de  ces  Jauges).  Les  informations  sont  numerisees  sur 
8  bits 

et  IS  tops  0/+  28V  dont  2  tops  pilotes. 

.  base  de  temps  incorporee  ;  capaclte  de  comptage  d'un  top  (debit  carburant) 

.  scrutatlon  de  l'ensemble  des  parametres  a  50  Hz 

.  capaclte  de  stockage  :  2  000  blocs  de  donnees 
(1  bloc  =  un  ensemble  de  20  mesures  +  IS  etats  binaires  +  temps  +  totallsateur 
+  indication  du  pararoetre  pllote  ayant  declcnche  1 'acquisition 
+  bits  de  controle 
=  32  octets 

sur  cassette  amovible  de  64  Koctets  de  meaoire  REPRuM 

(solt  une  autonomie  d'environ  5  h  en  supposant  une  acquisition  en  moyenne  toutes 
les  10  secondes). 

.  A  la  suite  de  1 'experience  preeedente,  le  systeme  a  ete  dote  en  face  avant  d'un 
panneau  (visualisation  +  boutons  poussolrs)  permettant  le  controle  en  piste  de  la  chalne  d'ac¬ 
quisition  et  1' insertion  a  la  fin  de  l'enregistrement  d'un  vol  d'un  bloc  de  donnees  contcnant 
les  parametres  d'utillsatlon  selon  un  format  preprogramme. 

.  De  plus,  et  parallelement  a  la  logique  de  tri  deja  exposee,  le  systeme  effectue 
systematlquement  une  acquisition  a  Iniervalle  fixe  (typiquement  30  s),  afln  de  permettre  une 
bonne  reconstitution  de  la  mission  effectuee,  meme  dans  les  periodes  ou  11  ne  se  passe  pas 
d'evenement  Juge  signlficatlf . 

Developpements  futurs  envl sages . 


'  L 'architecture  du  systeme  permet  d'incorporer  ulterieurement  des  options 

telles  que  : 

-  pc  'utilisation  sur  un  avion  dlsposant  d'un  bus  de  donnees  (norme  Dlgibus  GAM-T-101), 

p<  illte  de  couplage  a  cette  llgne  pour  le  recueil  direct  de  parametres  disponlbles  sur 

la  llgne. 

-  Pour  un  avion  ou  le  bottler  ne  pourrait  pas  elre  place  dans  un  endroit  facilement  acces¬ 
sible,  possibility  de  deport  du  panneau  de  dialogue  et  du  logement  de  la  cassette. 

-  Pour  1' etude  des  charges  au  sol  (impact  en  particuller) ,  possibility  d'incorporer  U" 
buffer  permevtant  une  scrutatlon  a  cadence  elevee  (500  a  1000  Hz)  suivle  d'un  tri  en 
leger  dlffere. 


VI.-  UTILISATIONS  PREVUES. 

Deux  types  prlncinaux  d 'utilisations  sont  envisag,'-.  : 

.  l'equipement  d'avions  pour  repondre  a  un  probleme  ponctuel  Identifle.  Chronologique- 
ment  e'est  ce  type  d'utilisation  qui  arrivera  en  premier,  en  particuller  pour  ies 
avlons  suivants  : 

-  3AGUAR  :  etude  des  charges  laterales  (sur  les  avlons  frangais  pour  ccmparaison  avec  les 

mesures  effectuees  au  Royaume  Uni). 

-  ALPHA3ET  :  etude  des  charges  sur  parties  arrieres  et  sur  extremites  de  voilure,  afin.de 

determln  -  les  charges  a  appliquer  dans  un  essal  de  fatigue  de  ces  parties 
(l'essal  ue  fatigue  d'ensemble  n'av-nt  lmpllque  que  la  partie  centrale  du  fuselage 
et  de  la  voilure). 

.  l'equipement  d'un  petit  pourrentage  d'avic  u'une  flotte  donnee.  Ce  type  d'utilisation 
repond  aux  soucls  explicites  plus  haut  et  devrait  done  permettre  : 

-  d'acquerlr  ur.e  bien  mellleure  connalssance  de  1 'utilisation  des  avlons  et  des  causes  de 
ieur  endommagement, 


.  ■ 
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-  de  recaler  les  mesures  effectuees  sur  des  avions  equipes  seulement  d'accelerocompteurs, 

-  d'etre  capable  de  reaglr  sans  delai  a  1' apparition  d'un  probleme  imprevu  Vdecouverte 
d'un  doomage  en  service  par  exemple)  si  l'equipement  en  question  cst  suf'/isamment 
complet. 

-  Le  type  de  mesures  et  le  mode  d’exploitation  choisis  dependront  a  la  fols  de  1 'avion  support 
et  de  1 ‘utilisation  telle  qu'elle  est  definie  cl-dessus.  Schematiquemeat  les  deux  situations 
extremes  envisagees  sont  les  suivantes  : 

.  etude  d'un  problwne  ponctuel  sur  un  £vion_a_Pavionigue  simple  : 

Les  parametres  recueiiiis  seronl  en  majorite  les  mesures  de  gauges  de  contraintes, 
associees  a  quelques  parametres  avion  pour  cerner  la  provenance  des  variations  de  contrain- 
tes  mesurees.  L* exploitation  se  fera  selon  des  methodes  proches  des  methodes  classiques 
utilisees  actuellement  en  essais  en  vol  :  etabllssement  de  spectres,  passage  aux  efforts 
generaux  apres  calibration  (methode  de  SKOPIHSKI  par  exemple),  etabllssement  de  correla¬ 
tions  entre  parametres  ... 

.  Suivi  d'un  avion  a  l'avionigueevoluee  : 


Sur  ce  type  d'avion  la  priorite  sera  mise  sur  I'acquisition  de  parametres  avion  (vitesses, 
accelerations  ...)  qui  devralent  etre  accessibles  sans  necessiter  de  capteurs  supplemen- 
taires  (sur  une  ligne  bus  ou  directement  sur  les  equipements) .  Ce  type  d'equipement 
semble  a  la  fois  mieux  adapte  aux  objectifs  de  ce  suivi  a  priori  tres  general  et  plus 
facile  (pour  1' installation  comme  pour  la  maintenance)  qu’un  equipement  en  Jauges.  L 'ex¬ 
ploitation  des  mesures  pour  retrouver  des  contraintes  (ou  des  efforts  generaux)  se  fera 
a  l'aide  d'une  methode  ^'identification  comme  celle  presentee  par  les  AMD-BA  dans  un  autre 
expose  de  cette  conference. 

II  est  cependant  certain  que  1* etabllssement  de  la  fonction  de  transfert  entre  les  mesures 
faites  et  les  contraintes  chcrchees  sera  beaucoup  plus  conplexe  que  lorsqu'on  utilisait  un 
appareil  monocanal  comme  l'accelerocompteur. 

VII.-  CONCLUSION. 


Le  systems  qui  vient  d'etre  brievement  presente  doit  selon  nous  repondre  aux 
besoins  identifies  en  France  pour  un  meilleur  suivi  en  service  des  avions  de  l'Araee  de  l'Alr. 
Apres  une  phase  de  developpement  et  d' experimentation  initial'  ,  il  entre  maintenant  en  utili¬ 
sation  effective,  ou  ses  capacites  pourront  etre  pleinement  demontrecs. 

Pour  l'avenir,  nous  pensons  que  les  principes  qui  ont  donne  naissance  a  cet  appa¬ 
reil  doivent  etre  deveioppes  dans  deux  directions  : 

-  un  appareil  appliquant  la  meme  logique  de  tri  a  un  nombre  restreint  de  parametres  (1  a  4  par 
exemple) ,  capable  de  remplacer  avec  un  encombrement  et  un  cout  reduit  1 'actuel  accelerocomp- 
teur. 

-  la  disparition  d'apparells  de  suivi  des  charges  pour  les  avions  futurs  ! 

L 'acquisition,  le  tri  ot,  le  stockage  de  parametres  permettant  de  reconstituer 
et  d'cxpliquer  l'histoire  des  charges  en  un  point  de  1' avion  sera  toujours  -  et  de  plus 
en  plus  -  d'actualite  sur  ces  avions,  en  particulier  les  avions  de  combat  'ui  deviennent 
de  plus  en  plus  manoeuvrants  et  done  de  plus  en  plus  sensibles  a  la  fatigue. 

Par  contre  1* architecture  de  leur  avionique  fera  que  1 'ensemble  de  ces  para¬ 
metres  sera  certainement  facilement  accessible  sur  un  bus  de  donnees.  II  sera  ai/rs  beaucoup 
plus  simple  d'integrer  a  un  des  calculateurs  de  bord  cette  fonction  "surveillance  des  charges" 
que  d'introdulre  un  nouvel  appareil  specif ique. 

Cette  integration  -  que  subiront  probablement  d'autres  fonctions  comme  la  surveil¬ 
lance  des  parametres  moteurs  -  suivra  done  la  voie  ouverte  par  l'electronique  de  bord  pour 
lesquels  1' autosurveillance  et  le  diagnostic  des  pannes  sont  desormals  la  regie. 

Neanmoins  cette  integration  ne  se  fera  que  pour  la  prochaine  generation  d' avions 
et  n'est  guere  envisageable  pour  les  avions  actuels,  y  comoris  les  plus  recents  comme  le 
Mirage  2000  qui  entame  a  peine  se  vie  operationnelle.  Un  appareil  comme  le  SPEES  a  done  encore 
une  longue  carriere  devant  lui. 


PLANCHE  1  s  ARMEE  DE  L 'AIR  FRANCAISE  -  EQUIPEMENT  EN  ACCELEROCOHPTEURS  DES  FLOTTEI . 


FLOTTE 

POURCENTAGE  D’APPAREILS  EQUIPES  | 

MIRAGE  2000 

MISE  EN  PLACE  EN  COURS 

MIRAGE  F  1 

100% 

MIRAGE  III  +  5 

10% 

(*) 

JAGUAR 

-  100%  EN  1984 

MIRAGE  IV  A 

40% 

ALPHA-JET 

100% 

FOUGA 

10% 

(*) 

EPSILON 

MISE  EN  PLACE  EN  COURS 

PLANCHE  3  :  EVOLUTION  DANS  L£  TEMPS  DE  LA  SEVERITE  DES  SPECTRES  (MIRAGE  FI). 

FACTEUR 
OE  CHARGE 


PLANCHE  H  j  PRINCIPES  OE  FONCTIONNEHENT  POSSIBLES. 


PRINCIPE 
DU  MATERIEL 


ANALYSE  SIMPLE  GRACE 
A  LA  CONSTI  fUTION 
PHYSIQUE  DU  MATERIEL 

INDICATION  .INDICATION 
TOUTOU  RIEN  EVOLUTIVE 


ENREGISTREMtNT 
ENREGISTREMENT  AVEC  REDUCTION 
CONTINU  DEDONNEES 


TRAITEWENT  I 
A  BORD  | 
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PLANCHE  8  :  MIRAGE  2000-02  -  LISTE  DES  PARAHE (RES . 

-  VITESSE 
-MACH 

-  PETROLE  RESTANT 

-  FACTEUR  DE  CHARGE  nz 

-  VITESSE  DE  ROUUS 

-  ACCELERATION  DE  ROUUS 

-  ACCELERATION  DE  TANGAGE 

-  INCIDENCE 

-  DERAPAGE 

-  BRAQUAGE  ELEVON  GAUCHE 

-  BRAQUAGE  ELEVON  DROIT 

-  BRAQUAGE  DRAPEAU 

-  FLEXION  VOILURE  AU  CADRE  PRINCIPAL  AV 

-  FLEXION  VOILURE  AU  CADRE  PRINCIPAL  AR 

-  FLEXION  DERIVE  A  ATTACHE  AR 

-  POUSSEE  MOTEUR 


PLANCHE  9  :  SPEES  PROTOTYPE  :  EXEHPLE  DE  HESURES  SUli  C-1EO  TRANSALL ■ 


PLANCHE  10  :  SPEES  -  PRODUCTION  SERIE 
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FLIGHT  PARAMETERS  RECORDING  FOR  STRUCTURE 
FATIGUE  LIFE  MONITORING 
by 

F.  Staropoii 
AERITALIA 

Gruppo  Velivoli  da  Combattimento 
Corso  Marche,  41  -  10146  Torino 
ITALY 


SUMMARY 

The  philooophy  shown  in  this  worlc  is  based  on  the  in  flight  parame¬ 
ters  recording  technique  which  becomes  more  inviting  because  of  the 
trend  of  the  aircraft  to  an  ever  increasing  advanced  technology  and 
an  ever  increasing  sophisticated  avionic  system  for  control  and 
maneuverability  purposes. 

So,  in  these  cases  it  i3  already  available  on  board  a  large  data 
amount  which,  in  terms  of  parameters,  can  be  recorded  during  flights 
on  a  magnetic  tape  in  digital  form. 

It  is  avoided,  by  this  way,  the  installation  of  several  and  various 
sen3or3  (accelerometers,  angular  deflections  transducers,  etc.), 
being  all  the  necessary  parameteric  informations  directly  extracted 
from  the  main  computer  without  significant  changes  in  the  aircraft 
avionics. 

The  analysis  and  calculation  have  to  be  done  on  grouqd,  where  the 
computation  capability  can  be  convenient  to  meet  the  proposed  aims. 

Italian  Air  Force  committed  a  job  for  the  TORNADO  Aicraft,  based  on 
the  above  philosophy,  which  provides,  in  addition  to  the  structure 
fatigue  life  monitoring,  the  engines  low  cicle  fatigue  counting  and 
full  maintainability. 

1.  PARAMETERS  RECORDING 

The  TORNADO  maintenance  data  recorder  system  can  operate  on  board  and  on  ground  in  two  different  phases: 

a)  on  board,  reading  all  the  relevant  parameters  from  the  Data  Acquisition  Uni'  and  general¬ 
ly  from  the  units  which  contain  them. 

A  list  of  flight  parameters,  necessary  to  account  for  the  fatigue  life  of  each  primary 
structural  component,  is  shown  m  fig.  1.  It  has  to  be  considered  redundant  for  military 
aircraft  with  technologically  low  content  and  for  'ivil  aicraft  which  have  simple  flight 
profiles,  while  becomes  necessary  for  the  TORNADO  because  of  the  very  large  variety  of 
missions,  configurations  ond  manoeuvre  capability. 

The  sampling  rate  may  be  largely  variable,  depending  on  the  kind  of  parameter  and  aircraft 
class:  transport  aircraft  need  a  sampling  frequence  sensibly  lower  than  fighters.  However, 

8  samples  per  second,  az  far  as  sampling  rate  is  concerned,  can  satisfy  the  current  meto- 
dology. 

b)  on  ground,  providing  to  read  the  recorded  magnetic  tape  (cassette)  in  the  Automatic  Ground 
Station  (AGS)  .  to  analyze  and  elaborate  the  flight. 

The  AGS  consists  of  a  computer  unit  inproved  by  a  disk  and  magnetic  tape  memory  with  gra¬ 
phical  output  facilities  on  printer  -  plotter. 

The  software  has  two  block  -  programs  sequentially  arranged:  the  first  one  produces  the 
external  load  tine  -  histones  on  the  monitored  structural  components;  the  results  of  this 
elaboration  don't  appear  externally  but  they  are  memorized  in  a  disk  in  order  to  be  used 
by  the  second  one  which  performs  the  structural  damage  calculations  showing  the  whole  out¬ 
put  tc  the  system's  users. 

2.  EXTERNAL  LOAD  TIME  -  HISTORIES 

A  preprocessor  In  the  AGS  automatically  prepares  the  data  set  which  will  be  given  to  the  computer  program 
that  elects  the  interesting  slices,  as  far  as  structural  f.itigue  damage  is  concerned,  on  the  basis  of  the 
para:..  :ers  variability,  in  order  to  save  processing  time. 
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To  meet  this  aim,  the  recorded  intervals  to  be  analyzed  are  selected  only  when  the  most  important  parame¬ 
ters  (vertical  acceleration  ,  rolling  velocity,  rolling  acceleration,  etc.)  show  significant  magnitude 
variation.  The  remaining  intervals  are  not  analyzed. 

The  step  subsequent  to  the  choice  of  the  interesting  intervals,  is  the  translation  of  the  parameters  time- 
historiec  into  external  loads  histories  on  each  relevant  component. 

To  do  it,  two  different  ways  were  taken  into  account: 

a)  to  use  theoretical  algorithms  only. 

b)  to  organize  a  normalized  data  bank  obtained  by  external  loading  in  flight  recording  proce¬ 
dure  on  prototype  aircraft,  in  order  to  read  by  interpolation  the  in  service  manoeuvres, 
having  the  external  loads  output  on  the  component. 

The  second  approach,  that  allows  a  higher  load  calculation  accuracy  has  to  be  preferred  mainly  when  the 
aircraft  is  well  known  as  far  as  flight  test  measurements  are  concerned. 

This  is  the  situation  of  the  TORNADO  which  has  a  very  large  data  bank,  coming  from  several  years  of  proto¬ 
types  flight  activity. 

The  fig.  2  shows  the  flow  of  the^ loads  calculation  steps. 

3.  STRUCTURAL  FATIGUE  DAMAGE  COMPUTATION 

The  fig.  3  represents  the  calculation  flow  -  chart  of  the  fatigue  analysis  block  program.  The  following 
paragraphs  explain  in  a  more  detailed  way  the  different  aspects  of  the  above  analysis. 

3.1  Main  program  and  aircraft  data  bank 
The  main  program  takes  two  different  inputs: 

a)  -  from  the  cassette  containing  the  recorded  flight  data 

-  Aircraft  identification  code 

-  Endurance  (hours)  of  the  flight  (or  flights)  recorded  on  the  cassette 

b)  -  from  the  structural  fatigue  data  bank  (fcr  each  aircraft)  : 

-  cumulated  flight  hours 

-  load  -  stress  correlation  factors  to  translate  the  load  time  -  histories 
into  3tress  -  histories  for  each  structural  component. 

These  factors  are  depending  on  the  structural  geometry  and  materials  of 
each  critical  area  and  in  addition  they  can  take  into  account  the  differences, 
among  the  aircraft  of  the  fleet,  coming  from  several  configurations  (repairs, 
components  substitution,  redesign,  etc.)  . 

-  Cumulative  damage  values  for  the  components. 

-  Safe  fatigue  life  of  the  components. 

The  safe  fatigue  life  of  each  component,  stored  in  the  fatigue  data  bank,  is  derived  from  test  results. 

In  other  words  in  the  data  bank  the  component  tested  fatigue  lives  only  and  not  the  design  ones  are  sto¬ 
red,  in  order  to  perform  a  relative  Miner  rule  calculation. 

The  data  of  an  aircraft  are  retrieved  from  the  data  bank  using  the  aircraft  identification  number  written 
on  the  cassette. 

The  subsequent  computation  proceedes  up  to  the  la3t  component  and  then  two  subroutines  update  the  damage 
values  in  the  aircraft  data  bank. 

3.2  Data  filtering  and  elaboration 

The  structural  fatigue  program  has  a  subroutine  using,  as  input  data,  the  load  time  -  histories. 

The  load  values  are  transformed  into  stress  values  (see  4.l.b)  by  some  conversion  factors  which  are  to  be 
considered  a  proper  characteristic  of  each  individual  aircraft. 

The  reliable  acquisition  of  the  above  conversion  factors  is  rrade  from  the  stress  analysis  and  the  fatigue 
certification  (fatigue  tests  with  strain  gauges  measurements)  . 

Each  stress  value  is  compared  with  the  previous  one  and  rejected  if  no  change  in  sign  is  discovered  in  the 
time  -  history  derivative. 

Using  this  way,  a  sequence  composed  by  relative  max  and  min  values  can  be  extracted. 

In  order  to  avoid  the  analysis  of  a  large  quantity  of  data,  a  filter  rejects  the  stress  peak  values  lower 
than  A&  relative  to  the  last  accepted  (T  val^e. 

The  adopted  /lo*  interval  is  equal  to  S  N/mm  which  is  corresponding,  for  a  cycle  at  R  ■  -1 
(  MAX  =  0.5  N/mm  and  6*  MIN  =  0.5  N/mm  )  and  2024  -  T3  aluminum  alloy  at  KT  =  3,  to  a  damage 
value  order  of  l.E  -  18. 

The  fig.  4  graphically  shows  the  filter  action. 
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3.3  Cycles  counting  method 

A  subroutine  counts  the  stress  fatigue  cycles  using  the  Rainflow  Method  of  cycles  definition. 

It  is  widely  known  that  this  method  allows  to  process  a  great  number  of  data  with  a  better  cpu  utilization. 
Once  a  fatigue  cycle  is  counted  it  is  passed  to  the  next  subroutine  for  the  damage  calculation. 

3.4  Damage  calculation 

The  subsequent  subroutine  makes  the  components  cumulated  damage  calculation. 

It  is  made  cycle  by  cycle  following  the  Palmgreen  -  Miner  rule  which  is  considering,  as  consequence  of  a 
fatigue  cycle,  a  life  consumption  equal  to  1/N,  where  N  is  the  number  of  cycles  which  is  consuming  the 
total  life. 

The  fatigue  curves  are  contained  themselves  in  the  structural  fatigue  program  data  bank,  and  they  are  stric¬ 
tly  correlated  with  the  test  results. 

The  cycles  wholly  in  compressive  field  are  neglected  by  no  damage  attribution. 

The  cycles  at  "R"  smaller  than  -l  are  considered  a3  combination  of  one  cycle  at  R  «  -1  between  (T MAX 
and  -  &  MAX,  and  an  other  one  between  -  6*  MAX  and  .  &  MIN  not  damaging  the  structure  (see  fig.  5)  . 

It  has  to  be  considered  true  below  the  material  yielding  thresholds. 

3.5  Output  organization 

At  the  end  of  each  damage  calculation  on  the  monitored  components  a  subroutine  provides  for  the  updating  of 
the  aircraft  data  bank. 

The  fig.  6  shows  the  data  bank  organization. 

It  may  be  noted  the  presence  of  a  dummy  component  (n.  21)  that  has  to  be  considered  as  an  ideal  one  which, 
loaded  by  the  wing  bending  moment  spectrum,  allows  a  comparison,  on  a  damage  basis,  cf  the  aircraft  of  the 
monitored  fleet. 

From  the  above  data  bank  a  full  output  can  be  shewn  if  requested  from  the  AGS.  It  is  arranged  as  reported 
in  fig.  7  where  the  "equivalent  flight  hours"  are  obtained  multiplying  the  safe  fatigue  life  by  the  dama¬ 
ge. 

The  standard  AGS  output,  on  the  contrary,  is  a  synthetic  one  organized  and  presented  a3  in  fig.  8,  which  is 
giving  information  referred  to  the  component  with  the  smallest  residual  life  only. 

Some  other  outputs  are  foreseen  in  order  to  find  errors  or  to  follow  separately  some  elaboration  phases, 
while  some  utility  programs  will  provide  changes  in  the  data  bank  when  and  if  some  structural  configuration 
modifications,  concerning  the  monitored  elements,  will  occur. 

4.  CONCLUSIONS 

The  system  complexity  is  clearly  pointed  out. 

However  it  is  relaxed  by  the  very  easy  data  acquisition  in  flight,  having  on  board  a  sophisticated  avionic 
system. 

In  order  to  reduce  the  on  ground  processing  time,  a  particular  attention  has  been  put  to  the  filtering 
techniques  performed  at  different  steps  of  the  process. 

From  this  point  of  view  the  combat  aircraft  can  give  several  problems  if  compared  with  transport  aircraft, 
because  of  the  high  variability  in  the  flight  parameters  values. 

The  advantages  of  this  "individual"  monitoring  system  are  evidently  9tatcd  and  they  can  be  briefly  listed 
below: 

-  optimization  of  the  fleet  life  management 

-  Economical  benefits,  coming  from  the  knowledge  of  the  aircraft  service  usage,  which  general¬ 
ly  is  lighter  than  the  design  required  one  (producing  the  design  spectrum). 

So,  it  can  be  avoided  to  ground  the  aircraft  for  scheduled  inspections  at  intervals  defined 
in  terms  of  flight  hours,  being  convenient  to  inspect  at  reaching  of  the  planned  residual 
lives.  Moreover,  it  has  been  noted  that  the  in  service  utilization  often  goes  out  of  the 
design  life,  relying  on  the  large  scatter  factor  value  for  fighters  aircraft  and  on  the  fail 
safe  properties  for  civil  ones. 

In  these  cases  a  monitoring  system  can  be  considered  of  primary  importance. 

-  Flight  safety,  because  the  system  is  analyzing  all  the  components  from  which  the  safety  is 
depending. 
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USAF  APPROACH  TO  AIRBORNE  STRUCTU*A1  DATA  RECORDING 
(Airborne  Data  Acquisition  Multifunction  System) 
(ADAMS) 
by 

Ray  J.  Veldman 
Aeronautical  Engineer 
Force  Management  Group 
Aeronautical  Systems  Division 
ASD/ENFSL,  Wright-Patterson  Air  Force  Base  OH  45433 


INTRODUCTION 

The  objective  of  this  paper  is  to  familiarize  the  reader  with  our  current  approach  to  structural 
recording  and  give  some  insight  into  our  considerations  for  future  instrumentation  systems.  For  over 
forty  years  the  USAF  has  used  airborne  instrumentation  and  recording  systems  to  collect  data  that  describe 
the  structural  loading  environment  that  aircraft  experience  in  their  normal  operational  usage*  These  data 
are  used  for  two  purposes:  1)  as  a  definition  of  the  operational  environment  of  the  fleet  of  aircraft 
Instrumented  and  its  resultant  impact  on  the  design  service  life  ard  2)  as  design  criteria  for  future 
aircraft  of  the  same  category.  A  multitude  of  instrumentation  packages  have  been  used  to  accomplish  this 
task  with  varying  degrees  of  success  but  the  end  result  has  been  that  In  almost  all  cases,  sufficient  data 
was  collected  to  accomplish  the  objectives  of  the  recording  program.  For  the  last  fifteen  years  magnetic 
tape  digital  recorders  collecting  data  continuously  using  fixed  sampling  rates  have  primarily  been  used. 
Although  these  were  excellent  systems  when  initially  Introduced  into  the  Inventory,  Air  Force  support- 
ability  of  non-mission  essential  equipment  and  technology  advancements  have  caused  the  continued  use  of 
such  systems  to  be  inappropriate.  The  current  state  of  the  art  of  microprocessor  technology  lends  itself 
to  the  development  of  airborne  recording  systems  capable  of  on-board  processing  and  data  compression  with 
solid  state  data  storage.  Such  systems  will  reduce  supportablllty  requirements  drastically  because  of 
increased  reliability  inherent  to  solid  state  electronics  while  providing  tremendous  processing  and  self 
diagnostic  capability  heretofore  unachievable.  These  microprocessor  based  systems  which  record  structural 
operational  information  are  designated  within  the  Air  Force  as  the  ADAMS*  Airborne  Data  Acquisition  Multi¬ 
function  System. 

BACKGROUND 

The  requirement  for  airborne  data  recording  is  established  in  the  Aircraft  Structural  Integrity 
Program  (ASIP)  as  defined  in  AF  Regulation  80-13  dated  16  July  1976.  MIL-STD-1530A  dated  11  December  1975 
describes  the  implementation  of  ASIP  for  all  USAF  aircraft.  Figure  1  is  a  table  from  this  document  and 
describes  the  tasks  required  to  accomplish  the  ASIP.  Task  V,  Force  Management,  illustrates  the  require¬ 
ment  for  two  types  of  airborne  recording;  the  Loads  Environment  Spectra  Survey  (L/ESS)  and  the  Individual 
Aircraft  Tracking  Program  (IAT) .  According  to  MIL-STD-1530,  the  objective  of  the  L/ESS  is  to  obtain  time 
history  records  of  those  parameters  necessary  to  define  the  actual  stress  spectra  for  the  critical  areas 
of  the  airframe.  The  objective  of  the  IAT  is  to  predict  the  potential  flaw  growth  in  critical  areas  of 
each  airframe  that  Is  keyed  to  damage  growth  limits  of  MXL-A-83444,  inspection  times,  and  economic  repair 
times.  L/ESS  requires  the  instrumentation  of  a  percentage  (10-207.)  of  the  fleet  of  aircraft  with  record¬ 
ing  systems  collecting  multiparameter  data  such  as  CG  load  factors,  angular  rates,  control  surface  positions, 
strains  configuration,  and  events.  Conversely,  the  IAT  is  accomplished  on  each  flight  of  every  aircraft 
and  involves  either  manual  data  recording,  flight  logs,  for  transport/bomber  aircraft  or  counting  accelero¬ 
meters/mechanical  strain  recorders  for  fighter  aircraft.  The  concept  is  relatively  simple.  The  L/ESS 
provides  statistically  average  loading  spectra  for  the  aircraft  fleet  for  all  normal  operating  conditions 
(configuration,  GW,  CG,  altitude,  airspeed,  etc)  and  the  IAT  defines  the  operating  conditions  experienced 
on  an  individual  aircraft  flight  basis.  The  requirements  for  recording  hardware/software  used  to  accomplish 
these  programs  are  what  led  to  the  concept  of  ADAMS  and  a  discussion  of  the  ADAMS  system  is  the  purpose  of 
this  paper. 

DISCUSSION 

For  years  airborne  operational  magnetic  tape  data  recording  has  been  plagued  with  many  problems  and 
constraints  which  have  caused  low  valid  data  yield.  The  problems  were  not  caused  by  bad  recorder  design 
but  rather  Inherent  limitations  associated  with  magnetic  tape  recording  and  the  inborne  constraints 
associated  with  non-flight  essential  airborne  avionics.  Some  of  the  more  obvious  problems  affecting  such 
a  system  are  as  follows: 

1.  Mechanical  equipment  within  magnetic  tape  cartridges  including  the  tape  itself  have  unidenti¬ 
fiable  but  finite  life  due  to  wear.  Conversely  close  tolerance  on  such  parts  is  necessary  for  proper 
system  operation. 

2.  Extremely  high  data  tape  packing  densities  are  needed  to  achieve  the  required  record  duration. 

Such  packing  densities  cause  tape/tape  head  alignment  to  be  extremely  critical  which  results  in  consider¬ 
able  reading  errors. 

3.  Maintaining  a  tape  cartridge  pipeline  between  the  operational  unit  and  the  remote  data  transcrib¬ 
ing  and  processing  facility  is  a  difficult  logistics  task. 

4.  There  is  the  Inability  to  self  test  the  system  other  than  for  continuity.  Most  recorder  system 
problems  are  not  identified  until  the  tape  cartridge  is  transcribed  at  the  central  facility  at  Oklahoma 
City  Air  Logistics  Center  (OC-ALC).  This  often  is  three  months  after  the  tape  is  removed  from  the  air¬ 
craft  and  all  data  recorded  in  this  interim  is  invalid. 


EDITOR’S  NOTE 

This  final  paper  was  first  presented  m  a  pilot  paper  version  to  the  Operational  Loads  Data  Sub-Committee  at  their  meeting  in  Toronto,  Canada.  Mr  Veklman  gave 
a  verbal  update  covering  recent  developments  on  the  system  described  during  Session  IV  of  the  Specialists  Meeting  -  see  relevant  paragraphs  in  the  Summary 
Record. 
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The  obvious  limitation  of  the  system  is  the  regular  need  for  maintenance  support  even  though  it  is 
non-flight  essential  equipment.  This  constraint  will  rightfully  remain  because  the  mission  of  the  Air 
Force  is  to  keep  its  weapon  systems  operationally  ready  and  not  to  maintain  structural  monitoring  systems. 
Maintenance  on  the  systems  remains  low  priority. 

Recognizing  the  tremendous  advancement*  in  the  state  of  the  art  of  microtechnology ,  it  was  obvious 
that  a  microprocessor  based  solid  state  data  collection  system  could  eliminate  many  of  the  problems  associ¬ 
ated  with  previous  systems  while  at  the  same  time  drastically  reduce  many  of  the  supportability  require¬ 
ments  that  historically  cnuld  not  be  satisfied.  For  some  time  this  office  had  been  investigating  the 
state  of  “fe  art  of  microprocessor  technology  for  application  to  structural  recording.  We  also  had  been 
raonltcri^g  an  A-10  prototype  installation  of  a  microprocessor  based  engine  monitoring  system  which  showed 
great  borate.  Working  with  the  B-l  System  Program  Office  (SPO),  we  initiated  the  development  of  a  new 
1  recording  microprocessor  based  system.  Rockwell  International,  the  B-l  Prime  Contractor, 
tr.w.i .11*  advance  Change  Study  Notice  (ACSN)  was  charged  with  developing  this  system  for  the  B-l  aircraft. 
R?'-!  *e  '  rr.d'icted  their  own  source  selection,  evaluating  proposals  from  several  vendors  and  in  July  1982 
a  proposal  to  the  B-l  SPO  for  the  B-l  recording  system.  Along  with  the  B-l  decision  to  use  a 
microprocessor  based  structural  recording  system,  has  come  a  general  Air  Force  trend  toward  such  systems 
on  *.<U  future  Air  Force  aircraft.  Many  design  features  of  the  B-l  microprocessor  system  will  be  applicable 
to  other  aircraft. 


A  microprocessor  based  recording  system  eliminates  most  of  the  problems  identified  earlier.  It  is 
self  diagnostic  simply  because  the  airborne  microprocessor  is  programmed  to  interpret  the  validity  of  the 
data  it  is  recording  and  "flag"  problems  as  they  occur.  The  entire  system  is  solid  state  including  the 
data  storage  eliminating  the  unreliable  mechanical  components  inherent  in  magnetic  tape  recorders.  Tape 
skewing  and  high  packing  densities  are  obviously  eliminated. 

Mini  computers  have  had  great  processing  capability  for  some  time  as  evidenced  by  the  explosive  solid 
state  time  piece  and  electronic  game  market.  The  problem  with  the  application  of  total  solid  state  elec¬ 
tronics  to  a  mass  storage  recording  systenhave  been  the  data  storage  medium.  The  tremendous  advancements 
in  memory  types,  chip  size,  and  design  has  only  recently  provided  the  capability  for  sufficient  solid 
state  storage  capacity. 

One  of  the  primary  considerations  in  the  definition  of  the  B-l  ADAMS  was  that  of  the  functions  it 
should  Include.  USAF  aircraft  have  many  requirements  for  airborne  data  recording  Including  structural 
or  ASIP,  ENSIP  (Engine  Structural  Integrity  Program),  crash,  engine  performance,  engine  diagnostics,  etc. 
Considerations  in  determining  which  functions  to  combine  included  solid  state  memory  size,  physical 
recorder  size,  who  are  the  data  users,  data  compression  techniques  associated  with  each  function,  common 
parameters,  etc.  The  decision  was  made  to  include  airframe  structural  recording,  engine  structural  record¬ 
ing  and  the  crash  recorder  option  in  the  ADAMS  system.  Since  the  B-?  aircraft  has  no  crash  recorder 
requirement,  this  function  was  not  included  in  the  recording  system  requirements  but  inherently  remains  an 
option  in  the  system  design.  The  structural  recording  system  philosophy  included  instrumenting  ten  percent 
of  the  aircraft  for  L/ESS  and  ail  aircraft  for  IAT.  For  hardware  cost  and  aircraft  configuration  standard¬ 
ization  purposes  it  was  decided  that  a  common  system  in  each  aircraft  was  the  most  viable  approach. 
Therefore,  the  airborne  microprocessor  software  would  determine  if  the  common  hardware  would  sample  and 
record  L/ESS  and  IAT  parameters  or  IAT  parameters  alone.  For  convenience  this  dual  function  could  be 
chosen  on  any  aircraft  any  time  by  merely  swiiching  to  one  or  the  other  software  routines.  Additionally, 
the  L/ESS  aircraft  would  include  the  six  ENSIP  parameters  monitored  on  one  of  the  four  engines.  This 
decision  was  somewhat  obvious  because  of  the  close  correlation  between  the  L/ESS  and  ENSIP  programs  which 
both  represent  statistical  descriptions  of  airframe  or  engine  environments. 

The  following  list  depicts  the  B-l  parameters  for  L/ESS,  IAT,  and  ENSIP. 


*LH  H0RI2  STAB  SPINDLE  STRESS 
RH  H0R1Z  STAB  SPINDLE  STRESS 
★LH  CAP  SPINDLE  BASE  STRESS 
WING  SWEEP  ACT  STRESS 
*WING  OUTER  PANEL  STRESS 
★FUSELAGE  FOREBODY  STRESS 

PITCH  RATE 
ROLL  RATE 
YAW  RATE 


★GROSS  WT 
★CG 

TOTAL  FUEL  QUANT 
NOSE  GR  SQUAT  SW 
MAIN  CR  SQUAT  SW 

OAT 

★MACH  NO 
★PRES  ALT 
AIRSPEED 


★VERT  ACCEL 
LAT  ACCEL 
LONG  ACCEL 

RH  HORIZ  STAB  POS 
LH  HORIZ  STAB  POS 
RH  INBOARD  SPO  POS 
LH  INBOARD  SPO  POS 
UPPER  RUDDER  POS 
★RH  FLAP  POS 
★WING  SWEEP  POS 


★★ENG  INLET  TEMP 
★★Nj 

**n2 

**PLA 

★★BLADE  TEMP 
★★COMP  STATIC  PRESS 


NOTE:  *  -  IAT 

★*  -  ENSIP 

The  B-l  system  will  consist  of  three  pieces  of  hardware  -  the  Structural  Data  Collector  (SDC), 
Structural  Data  Extractor  (SDE),  and  Structural  Data  Transcriber  (SDT).  The  SDC  is  the  airborne  micro¬ 
processor/recorder  and  the  SDE  and  SDT  are  ground  support  equipment.  The  airborne  unit  will  have  256K 
Bytes  mass  storage  memory  to  record  significant  data  from  L/ESS,  IAT,  and  ENSIP  functions.  It  will  be 
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j  '  programed  co  compress  t  input  data  in  order  to  record  only  chose  samples  which  arc  defined  as  structur- 

j  ally  significant.  Several  techniques  for  data  compression  have  been  developed  over  the  years  including 

I  peak  counting,  threshold  or  window  levels,  key  parameters  with  coincident  values,  etc.  While  the  method 

;  >  or  methods  to  be  used  for  the  B-l  are  not  finalized  at  this  time,  the  256K  Byte  memory  requirement  Is 

I  considered  adequate  to  accommodate  whatever  method  chosen.  This  size  memory  should  allow  for  at  least  20 

;  flight  hours  of  L/ESS/ENSIP  data  and  200  flight  hours  of  1AT  data  before  a  memory  Jump  is  required.  The 

4  SDE  will  be  a  hand  held  ground  unit  which  provides  the  ability  to  extract  data  from  several  airborne  units 

(  and  store  the  information  in  Its  own  solid  state  memory.  This  unit  will  be  field  level  support  equipment 

|  ^  least  one  available  at  each  base  depending  on  the  number  of  aircraft  at  the  base.  It  will  also 

splay  any  system  discrepancies  or  failures  diagnosed  by  the  airborne  system  and  alert  field  personnel 
that  maintenance  action  is  required.  For  the  B-l  this  is  somewhat  of  a  redundant  feature  because  the  ADAMS 
will  have  a  Central  Integrated  Test  System  (CITS)  Interface  which  will  display  an  ADAMS  system  failure  in 
«  real  time.  The  SDT  will  be  ground  based  shop  level  system  capable  of  transcribing  multiple  extractions 

''  on  a  magnetic  tape  or  floppy  disk  storage  medium  to  be  sent  to  the  agency  responsible  for  data  analysis. 

This  system  will  also  allow  v„se  personnel  to  "quick  look"  and  operate  on  any  data  recorded  by  the  SDC  to 
diagnose  possible  system  j.'  'blems. 

Much  of  the  technical  design  detail  of  the  B-l  ADAMS  system  has  been  defined  at  this  time  but  some 
remains  an  open  consideration.  A  discussion  of  these  design  details  would  be  premature  and  Inappropriate 
for  this  paper,  but  could  be  the  subject  of  a  follow-on  paper. 
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SUMMARY  RECORD 
by 

R  G  Loewy 

School  of  Engineering, 

Rensselaer  Polytechnic  Institute, 

Troy,  NY,  USA 

The  first  paper  in  the  session  (paper  No  16)  covered  questions  of  instrument 
selection,  numbers  of  channels,  sampling  rates,  aircraft  areas  of  emphasis,  calibration 
and  data  collection  concepts.  The  presenter  noted  good  agreement  between  results  of 
finite  element  analysis  and  regression  analysis  of  stresses  measured  in  ground  test3.  As 
an  example  of  the  data  being  taken,  he  showed  time  histories  in  which  wing  bending, 
taileron  and  fin  data  appeared  for  various  sampling  rates.  In  reply  to  a  question  on  how 
fatigue  life  information  on  the  entire  Tornado  fleet  was  to  be  inferred  from  a  limited 
number  of  fully  instrumented  aircraft,  he  noted  that  the  issue  had  been  addressed,  but 
could  not  be  fully  resolved  until  more  experience  had  been  accumulated;  however,  use 
would  be  made  of  the  vertical  acceleration  recorders  fitted  to  all  aircraft. 

The  second  presenter  (paper  No  17)  noted  that  most  French  fighters,  attack  aircraft 
and  trainers  carried  acceleration  counting  systems  recording  exceedences  of  various  g 
thresholds,  100%  of  the  Mirage  F-l  and  Alpha-Jet  fleet  being  fitted,  but  only  10%  of,  for 
example.  Mirage  III  and  5  aircaft.  Me  described  the  criteria  used  to  develop  a  new 
system  of  opefstional  loads  information  acquisition,  including  .  low  maintenance 
requirements,  easy  interchange  between  types,  ease  of  data  management  and  provision  of 
loads  data  applicable  beyond  the  aircraft  type  on  which  it  was  acquired.  He  noted  that 
still  more  advanced  systems  should  include  large  memory,  quick  scanning  capability, 
deferred  processing  and  use  of  digital  data  bus  techniques. 

The  third  paper  (paper  No  18)  referred  to  experience  gained  with  the  maintenance 
recorder  in  the  Italian  Air  Force  Tornado  fleet.  Proven  structural  life  is  considered  as 
that  life  demonstrated  in  test3,  rather  than  life  calculated  using  assumptions  3Uch  as 
Miner's  Dule.  Flight  parameters  and  processing  routines  were  described.  Including  data- 
flltering  logic  for  stress-time  histories  (based  on  threshold  changes  of  5  Newtons/sq 
mm).  The  presenter  showed  sample  data  including  percentage  structural  component  life  on 
a  flight  hours  basis,  and  closed  by  noting  the  complexity  of  systems  which  are, 
conceptually,  relatively  simple,  together  with  the  need  for  a  greater  degree  of 
automation  in  data  handling. 

In  general  discussion,  the  question  of  cooperation  and  correlation  of  results  on  the 
two  Tornado  programmes  described  was  raised.  So  far,  no  cooperative  arrangements  had 
been  set  up.  An  Italian  Air  Force  questioner  referred  to  the  number  of  flight  strain 
surveys  that  had  been  carried  out  on  Tornado,  and  asked  whether  operational  loads  and 
strain  survey  data  could  not  be  correlated,  perhaps  operational  loads  surveys  should  be 
carried  out  before  fatigue  qualification  testing.  In  reply,  the  UK  view  was  that 
although  early  flight  strain  data  under  defined  flight  test  conditions  were  fully 
accepted,  loads  encountered  in  service  operations  were  often  different  from  those 
specified  as  design  loads  and  confirmed  in  strain  surveys.  If  possible,  there  should  be, 
and  often  were,  two  fatigue  tests,  one  early  in  the  development  cycle  and  one 
considerably  later,  after  operational  loads  data  had  been  acquired.  On  this  point,  one 
speaker  felt  that  a  second  fatigue  test  was  often  required  because  the  first  test  was  ..oo 
abbreviated  or  there  had  been  significant  structural  changes,  rather  than  because  the 
load  spectrum  had  been  redefined. 

At  this  stage  in  the  proceedings,  the  Meeting  Chairman  invited  Mr  R  Veldman  to  give 
an  update  of  the  pilot  paper  given  at  the  Toronto  meeting  of  the  Panel.  This  paper 
describes  the  USAF  multi-function  aircraft  data  acquisition  system  currently  under 
development;  an  updated  version  is  included  with  the  Specialist  Meeting  proceedings  as 
paper  No  19.  The  author  observed  that  the  reliability  of  tape-recorder  based  systems  had 
been  a  major  problem  in  US  programmes.  The  new  system  utilised  on-board  micro  processors 
and  solid-state  data  storage,  and  was  expected  to  give  a  'state  of  the  art'  improvement. 
Delivery  of  production  equipments  was  expected  in  mid-1984  and  the  system  was  intended 
for  both  the  B-1B  and  T-46*.  programmes. 

In  response  to  two  questioners  both  asking  if  the  'write  cycle'  of  the  EEPROM  data 
storage  did  not  require  larger  memory  than  other  equivalent  systems,  the  presenter 
replied  that  this  problem  was  avoided  by  parallel  operation.  Moreover,  data  ij  never 
erased;  locations  are  filled  progressively,  data  is  extracted  and,  on  further  use,  new 
data  is  overwritten  over  old.  In  this  mode,  except  at  very  low  temperatures,  data  system 
speed  is  adequate. 
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ROUND  TABLE  DISCUSSION 

Meeting  Chairmen  Bright  then  convened  a  Round  Table  Discussion,  inviting  the  Session 
Chairman,  Messrs  de  Jonae,  Maxwell,  Chests  and  Veldman  to  join  him.  Opening  the 
discussion,  he  asked  the  audience  to  think  in  terms  of  current  requirements  for 
operational  loads  data  (systems,  format  and  so  on)  on  the  one  hand,  and  systems  likely  to 
be  needed  for  the  future,  say  the  1990b,  on  the  other.  Agile  aircraft,  exploiting  the 
full  potent* al  of  ACT,  digital  computing  and  composite  structures,  were  likely  to  pose 
quite  new  problems  for  loads  data  acquisition.  Were  we  convinced  as  to  the  continuing 
need  for  this  kind  of  information)  did  we  continue  to  pursue  the  two-tier  concept,  in 
which  only  a  small  fraction  of  an  aircraft  fleet  is  fully  instrumented,  with  limited 
instrumentation  common  to  the  entire  fleet? 

Mr  de  Jonge  said  that  he  thought  the  Chairman's  questions  were  well-posed.  He  then 
raised  the  issue  of  data  scatter,  when  operation  of  one  aircraft  type  extends  over  a  long 
period  of  time,  with  the  aircraft  rotated  between  different  squadrons  and  pilots.  His 
experience  with  the  F-104  under  these  circumstances  suggested  that  scatter  is 
statistically  'smoothed-out* ,  perhaps  Implying  that  3mall  samples  are  adequate.  Mr 
Maxwell  observed  that  squadron  roles  can  differ  substantially,  with  noticeable  effect  on 
airframe  loads)  while  too  much  data  can  swamp  ground  analysis,  carefully  selected  and 
processed  data  can  be  used  to  identify  usage  patterns  and  loads  effects,  any  exceedences 
of  the  design  envelope  and  the  basic  causes  of  high  fatigue  damage. 

Mr  Graham  observed  that  it  is  necessary  to  define  the  structural  damage  under 
consideration  rather  narrowly  and  the  statistical  distribution  must  be  known  before 
'scatter'  as  a  concept  has  any  real  meaning.  He  noted  that  the  F-S  fleet  data  shows  a 
factor  of  4  in  the  structural  life  remaining  for  aircraft  with  10-12  years  of  operations, 
including  rotation  of  aircraft  between  squadrons.  Messrs  Maxwell,  Bright  and  de  Jonge 
then  agreed  that  the  exact  nature  of  usage  patterns,  eg.  normal  peace-time  fighter 
squadron  operations  vs.  training,  had  a  major  influence  on  loads  spectra)  for  scatter 
among  the  same  type  to  smooth  out,  the  aircraft  must  all  be  consistently  operated  in  the 
same  way. 

Netherlands  F-104  scatter  was  of  the  order  of  2.  For  comparison,  Mr  Neunaber  said 
that  German  Air  Force  F-104  scatter  was  reported  as  2.3  (by  normal  distribution,  10-90 
percentiles).  If  aircraft  are  not  rotated  between  squadrons,  the  scatter  is  3-4.  It  was 
necessary  to  be  precise  in  defining  'scatter',  otherwise  discussion  might  be  at  cross¬ 
purposes.  Returning  to  discussion  of  the  2.3  factor  mentioned  above,  it  was  thought  that 
it3  causes  Included  differences  in  control  responsiveness  between  individual  aircraft) 
many  pilots  may  take  advantage  of  such  differences  between  aircraft  in  their  handling; 
possibly  scatter  will  be  reduced  over  a  larger  fleet  life-time.  Wg  Cdr  Bright  noted  that 
RAF  experience,  like  French  Air  Force  experience,  tended  to  show  that  operational  load 
severity  increases  with  time.  M  Baranes  said  that  he  had  seen  scatter  factors  for  the 
same  mission  as  high  as  5. 

Mr  Krauss  a3ked  how  evolutionary  changes  in  a  particular  aircraft  type's  structure, 
which  often  occur  during  its  operational  life  time  (eg  due  to  retrofits)  are  taken  into 
account  in  monitoring  fatigue  life.  Mg  Cdr  Bright  replied  that  such  differences  must  be 
accounted  for  as  they  occur,  citing  possible  differences  in  F-4J  aircraft  about  to  be 
Introduced  to  RAF  service,  following  operation  of  other  versions  of  F-4. 

Mr  Hacklinger  referred  to  basic  differences  between  design  conditions  and  those 
actually  encountered  in  operations,  and  said  that  these  needed  to  be  considered  from  two 
view  points.  Firstly,  as  an  uncertainty  in  performing  'on-condition'  maintenance,  where 
the  actual  history  and  what  is  likely  to  be  encountered  must  both  be  known,  and  secondly, 
what  must  be  known  to  design  better  new  aircraft.  On  the  second  point,  there  was  a 
dearth  of  information  available  during  the  design  phase  as  to  how  a  new  aircraft  type 
would,  in  fact,  be  flown.  Professor  Loewy  asked  if  advanced  simulators  might  not  be 
useful  in  this  context.  Mr  Maxwell  doubted  their  value,  quoting  Kestrel/Harrier 
experience  which  did  not  anticipate  combat  use  of  vectored  thrust.  Mg  Cdr  Bright  noted 
that,  in  any  event,  operational  loads  data  was  required  to  ’close  the  loop'.  Mr  Krauss 
agreed,  commenting  that  in  a  simulator  pilots  can  fly  only  a  'nominal'  aircraft. 

Mg  Cdr  Bright  asked  the  assembly  for  their  views  on  ground  versus  airborne  data 
processing.  Mrs  Holford  replied  that  she  would  like  to  address  the  topic  from  two  view¬ 
points.  On  the  one  hand,  she  questioned  the  advisability  of  using  the  same  processors, 
sampling  and  filter  logic,  etc  for  both  loads  survey  and  in  fatigue  life  tracking,  since 
then  both  activities  might  miss  the  same,  possibly  important,  effect.  On  the  other  hand, 
she  wa3  convinced  that  highly  instrumented  loads  data  acquisition  aircraft  could 
incorporate  certain  automatic  flight  control  systems  which  would  make  them  non¬ 
representative  of  the  fleet  at  large.  Addressing  the  first  point,  Mr  Veldman  observed 
that  the  new  USAF  system  he  described  had  four  different  programmable  logic  algorithms 
for  the  data  processing  functions. 
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The  Chairman  asked  for  consideration  of  the  applicability  of  current  loads  data  for 
emerging  agile  aircraft  designs.  Hr  Culp  stated  that  General  Dynamics'  testing  of  early 
F-16  models  provided  a  very  large  flight  data  base  which  had  proved  useful  in  (.  and  D 
model  developments,  and  for  the  XL  version  with  a  composite  wing.  He  note  that  these  are 
moderately  agile  aircraft.  The  F-16  crash  recorder  has  a  large  memory  (4-5  megabytes) 
and  GD  uses  it  to  predict  loads,  obtain  stability  and  control  information,  etc.  Hr 
Kraus3  commented  thac  lack  of  knowledge  of  aerodynamic  stability  derivatives  in  extreme 
manoeuvres  makes  load  prediction  doubly  difficult  in  design  of  agile  aircraft.  Hr 
Hacklinger  added  that  it  is  important  not:  to  rely  exclusively  upon  existing  data  in 
designing  such  aircraft.  He  noted,  for  example,  that  the  extensive  use  of  composites 
makes  design  less  fatigue-critical  and  that  manoeuvre  limiting  systems  are  being  used 
more  frequently.  In  consequence,  new  balances  will  have  to  be  struck  between 
manoeuvrability  and  strength. 

Hr  John3ton  observed  that  an  overload  warning  system  is  working  quite  well  on  F-15 
aircraft.  Simulations  of  automatic  load-limiter  systems,  as  distinct  from  g-limitor 
systems,  had  been  run  on  both  F-15  and  P-18  aircraft.  He  belie  /ad  that  all  advanced, 
high  performance  aircraft  will  make  use  of  such  systems  in  the  future.  Kg  Cdr  Bright 
noted  that  for  aircraft  with  such  sys'.ems  on  board,  simply  recording  that  system's 
activity  would  constitute  operational  loads  data.  Mr  Maxwell  added  that  he  would  wish  .o 
have  simultaneous  control  position  information. 

CLOSURE 

Following  the  discussion,  the  Chairman  thanked  the  authors,  session  chairmen  and 
assembled  participants  for  their  contributions,  which  had  produced  a  highly  successful 
specialists  meeting  on  Operational  Loads  Data.  He  then  declared  the  session  adjourned. 
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